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Abstract

The controlled fabrication of nanometer-scale objects is without doubt one of the central
issues in current science and technology. However, existing fabrication techniques suffer from
several disadvantages including size-restrictions and a general paucity of applicable materials.
Because of this, the development of alternative approaches based on supramolecular
self-assembly processes is anticipated as a breakthrough methodology. This review article
aims to comprehensively summarize the salient aspects of self-assembly through the
introduction of the recent challenges and breakthroughs in three categories: (i) types of
self-assembly in bulk media; (ii) types of components for self-assembly in bulk media;

and (iii) self-assembly at interfaces.

Keywords: self-assembly, nanomaterials, interfaces, supermolecules, bottom—up

1. Introduction lithography. Because of these challenges to traditional
bottom—up lithography, interest has been growing in an
Technologies involving nanometer-scale objects continagternate means, known as the bottom—up approach. Methods
to improve the quality of our daily lives because thef bottom—up fabrication rely on molecular self-assembly in
down-sizing of functional units can result in a significangupramolecular processes. Supramolecular chemistry, which
decrease in device energy consumption and more efficig@s originally a branch of fundamental science, has now
prOdUCtion processes. In addition, novel phenomena hqy&:ome an important concept in nanotechnok)gy.
been revealed at the nanometer-scale. Shrinking component ajthough numerous excellent articles and reviews
size advances nanotechnology, while the related phenom%'f'aindependent topics have been published [1-10], a
represent nanoscience. Therefore, the regimented fabricaligfprehensive review of self-assembly is rare. Therefore, this
of nanometer-scale objects is undoubtedly one of thg\ e article aims to illustrate and summarize all the aspects
central issues in current science and technology. To dafg.qeir assembly through a description of recent challenges
several excellent top-down-type approaches including,y peakthroughs. This review describes self-assembly from
photolithography and electron-beam lithography have be ee different perspectives: (i) types of self-assembly in
used to produce nanostructures. However, in addition to tpe, media; (ii) types of components for self-assembly in

inherent size, parallelization, and 2-dimensional Iimitatiorgulk media; (i) self-assembly at interface. In each section,

of lithography and of top—down approaches in general, thevs\,/% have tried to select the most appropriate examples and

relatively new patterning methods lack the well-developed . ) !
. . complemented those selections with a comprehensive range

technology that enabled the previous generations Of . . . o
of cited research. Despite this categorization the examples

* Invited paper. contained in (i)—(iii) are actually interrelated. However, here
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Figure 1. Stereochemical harmonization based on guest binding to chromophoric cyclic hosts with two zinc porphyrin units and two oligo
(aminoisobutyric acid) chain connectors.

we have attempted to make self-contained descriptions of eaeported that dynamic host—guest supramolecular interactions
subject so that the reader can concentrate on sections relevastilted in stereochemical harmonization of helical chains
to his/her interest. contained in the host molecule [15]. In the host structures
depicted (figurel, Host and Host (Phe)), two zinc porphyrin
units are connected by two oligo (aminoisobutyric acid)
chains, which adopt helical conformations because of the
steric requirements of the C(GW groups and despite
their lack of chiral centers. Therefore, thermodynamic
There are many types of self-assembly ranging in dimensiongerconversion of the chains results in a mixture of right-
from molecular level (nanometric) to macroscopic sizend left-handed helices. Binding of a pyridyl-substituted
(visible to the naked eye). In this section, the smallesklical guest containing an (L)-leucine residue at its center
oligomolecular self-assemblies, consisting of just a fegenerated an intense chiroptical signal through dynamic
molecules will be described. Surprisingly, several of thestereochemical harmonization between the helical chains.
exhibited molecular-level machine-like functions [11-14]. From the sign of the split Cotton effects it is apparent that the
Aida and coworkers designed and developed porphyriigopeptide chains of the guest-complexed host molecules
conjugates that induce self-assembly of external guests amutbpt the same helical conformation as that of the guest. This
possess functions related to their structures. For example, tipggnomenon demonstrates that self-assembly through binding

2. Self-assembly in bulk media 1; assembly type

2.1. Small molecule assembly
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Figure 2. Preferential assembly of hetero-guest pairs by electronic communication between the two guests through a p-conjugated host

molecule.

of an appropriate guest modulates the dynamics of the hetholecule (figure 2) [16]. This host compound contained
structures in the host. two fused zinc porphyrin dimers bridged by aliphatic
In other work, Tashiro, Aida, and coworkers reportedhains giving a cofacial arrangement of dimers, and which
preferential assembly of hetero-guest pairs by an inter-gudidplayed a strong negative cooperativity in the binding
of a second

electronic communication through &-conjugated host of 4,4-bipyridine (bpy). Similarly, binding
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Figure 3. Control of a Diels—Alder reaction within pre-designed molecular capsules.

fullerene Cgo guest to the host was subject to negativ@he site of reaction varies from that observed in the solution
cooperativity despite the easy accommodation of a singlate. Use of a half-bowl shaped molecular capsule gave the
Cso guest by the host. The ¢ dimer, G20, may also expected product, as a result of reaction at 9,10 positions
be bound by this host molecule suggesting that from & anthracene, although catalyst-like turnover was confirmed.
spatial point-of-view alone, the host should be able tReaction mediation by the capsule framework could be also
accommodate two & molecules. Thus, it was concluded thatdemonstrated by mediation of alkane oxidation through the
the negative cooperativity in the binding of theoQuest photochemical excitation of a molecular capsule [23].
is due to a conflicting electronic interaction. On the other The main advantage of this strategy lies in the versatility
hand, the same cyclic host could selectively include one eawh morphology design since an appropriate choice of
of Cg and bpy. Equimolar binding of g and TMHDA ligand molecules can result in unique nano-objects of
(N,N,N',N”-tetramethylhexane-1,6-diamine) was due to warious shapes, such as coordination nanotubes 54,
similar positive heterotropic cooperativity. Peculiarities imanoballs 26], nanoboxes [27], and self-assembled cages
the assembly of these host—guest complexes are probgB®]. These self-assembled objects provide nanospaces
due to electronic communication occurring between thg Cwhere new physical chemistries might be observed. For
and diamine guests and mediated by theonjugated fused example, molecular ice formation [29] or color sensing
metalloporphyrin arrays. Apart from this prime examplepf guest inclusion [30] have been investigated. Coating
several other new concepts including chiral fullerene detectioh self-assembled capsules and aggregate formation with
[17], chemical friction during rotary guest motion [1&nd multivalent proteins [31] has also been demonstrated.
supramolecular polychromatic thermometers [19] have been Capsules and cages formed through self-assembled
proposed by the same research group, all by using porphypiocesses have been investigated by other research
conjugate molecules. groups. Crego-Camala, Reinhoudt, and coworkers
Fujita and coworkers have performed pioneering reseandported calix[4]arene-based molecular boxes and their
on assembly of coordination capsules using square-cornegeest binding capabilities [32]. Atwood and coworkers
Pd(Il) complexes and designer co-ligands [20]. For examplerepared supramolecular capsules by using large numbers of
assembly of a stable, nanosized capsule from 18 melgidrogen bonds. They reported a chiral spherical molecular
ions and six triangular ligands was achieved [21]. Thassembly held together by 60 hydrogen bonds, consisting
molecular capsule, comprised of six edge-sharing triangles six calix[4]resorcinarenes and eight water molecules
with two metal ions at each edge, is approximateljd3], and later reported molecular capsules containing 48
hexahedral with a fully closed 0.9rminternal space intermolecular hydrogen bonds which were stable in polar
and is impervious to all but very small molecules. Morenedia [34]. Rebek and coworkers developed molecular
recently the same authors reported the ability to contrchpsule formation through self-assembly of cavitands
the Diels—Alder reaction of certain substrates within thi85-37]. For example, they reported an unusual hetero-guest
molecular capsules (figui® [22]. The Diels—Alder reaction inclusion by a hydrogen-bonded molecular capsule, with
between anthracene and phthalimide yields two majpreferential accommodation of a molecule each of benzene
products. However, if performed within the moleculaand p-xylene [38]. Their self-assembled capsule also provides
capsule, the process preferentially yields the product dueaomedium for stabilization of reactive intermediates [39],
reaction of phthalimide at the 1,4 position of anthracento shift the equilibrium between two stereoisomers [40], or
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Figure 4. G-quartet formation upon binding of cation and a decorating aldehyde.

to regulate the conformation of a guest species [4Hley complex and a piperazine-bridged bis(dihydroxypyridine)
expanded their self-assembled cavitand capsules by tigand, which is able to bind phosphate and acetate
addition of appropriate spacers, permitting variation of gueshions in aqueous solution at neutral pH [52]. Ballester
selectivity, while also demonstrating attachment of a rotatirand coworkers reported solid-state self-assembly of a
door unit to the cavitands [4243]. They synthesized an calix[4]pyrrole-resorcinarene hybrid into a hexameric cage
enzyme reaction cavity mimic [44]. Kobayashi and coworkef§3]. On—off switching of self-assembly through dynamic
reported selective formation of self-assembling homo- @ovalent bond formation between boronic acids and alcohols
hetero-cavitand cages [45]. Stang and coworkers reportess been demonstrated by Ilwasawa and Takahagi [54].
synthesis of a cuboctahedral capsule from twenty subuniitelusion of fullerene into self-assembled capsules is an
in a single-step self-assembly [46]. Using similar methodstractive research topic. Beer and coworkers proposed use
a molecular capsule with a trigonal prismatic framewor&f a polymetallic resorcinarene host for binding of fullerene
was prepared by means of spontaneous self-assembly db%]. Inclusion of metallofullerene into a cavitand-based
predesigned molecular clip with tritopic pyridyl subunitself-assembled cage was realized by Piron@inial [56].
[47]. Recently, Shionoya and coworkers reported moleculblaino and coworkers reported fullerene encapsulation by
switching between fluorescent coordination capsule aocdlix[5]arene [57]. They also reported encapsulation of
nonfluorescent cage [48]. various guests within similar hosts [58]. A unique inclusion
Various components and different interactions haw@mplexation was proposed by Inomata and Konishi who
been used in the formation of capsules, cages and closlnonstrated preparation of a hexaporphyrin cage using a
squares, in which several novel phenomena have begold nanocluster template [59].
observed. For example, Candau, Lehn, and coworkers Catenanes and rotaxanes make up a family of compounds
reported gel formation through formation of self-assembldtiat are exceptional in the world of supramolecular chemistry.
G (guanine)-quartets, which are strongly dependent on tRetaxanes consist of molecular rings threaded by molecular
nature of both the binding cation and the decorating aldehydres that have stoppers at both ends to prevent unthreading.
(figure 4) [49]. The interaction of the decorating aldehyd®©f the various cyclic molecules used as the molecular ring
is of particular interest since it indicates a possible methdnl rotaxanes, cyclodextrin and crown ethers are the most
to control the supramolecular self-assembly process bgeful because of their self-assembling nature based on
dynamic covalent decoration. Plutt al reported unusual molecular recognition properties. In particular, cyclodextrin
basicity changes of amines encapsulated in a self-assemldad accommodate linear polymers such as polyethylene glycol
coordination cavity [50]. Mirkin and coworkers demonstrateth an aqueous phase. Harada and coworkers reported that
reversible interconversion of homochiral macrocycles ammblymer chains thread cyclodextrin rings upon the addition
helical coordination polymers [51]. Severin and coworkersf a water-soluble polymer into an aqueous cyclodextrin
reported formation of an expanded helicate from a rutheniusolution (figure 5A) [60-62]. Subsequent stoppering of
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(A)

Figure 5. Typical examples of (A) a rotaxane and (B) a catenane.
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Figure 6. A molecular shuttle.

the polymer results in the formation of rotaxanes. Th8ynthesef molecular knots and doubly locked catenanes
cyclodextrins self-align in a head-to-head (tail-to-tail) arrajpased on a similar strategy have also been reported [64].
stabilized by hydrogen bond formation between primaryurthermore, molecules with five interlocked rings (similar
hydroxyl groups and between secondary hydroxyl groups. the symbol used for the Olympic Games) have also been
While rotaxanes are composed of wires and rings, catenasgsthesized [65].

consist of two or more interlocked rings. The example Rotaxanated or catenated objects are often considered
shown in figure5B illustrates catenane preparation throughs molecular machines. Rotaxane structures are attractive
tetrahedral coordination of Cu(l) [63]. In the first processntities for the design of molecular devices because the
two phenanthroline ligands coordinate to Cu(l). Each ligandiislative positions of their component parts can be influenced
individually cyclized through hydroxyl groups attached to thby external stimuli. Controlling the relative position of the
ligand unit. Removal of Cu(l) completes catenane formatiorings on the wire permits design of molecular shuttles [66].
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Figure 7. A molecular elevator.

In the example shown in figuré, a rotaxane exhibits AEE—
translational isomerism with the tetracationic cyclophane rinl\_): I ’}_F I ':Q
preferentially occupying the-electron-rich benzidine station

(upper). Electrochemical oxidation of the benzidine unit to the ‘1

monocationic radical, results in translation of the cyclophan
ring to the biphenol station (lower), driven by electrostatic JJ_‘:R

repulsion. Shuttling of the cyclophane is completely reversibl

depending on the oxidation state of the benzidine unit w
Stoddart, Credi, and coworkers used this process to reali;

preparation of a molecular elevator as illustrated in figtire v ™
[67, 68]. The design of the molecular elevator relies on Q

two mechanically interlocked molecules that incorporate th o Iy

features of a pH-switchable [2] rotaxane. At low pH the Of ?, 9y
CH;NH; sites bind the macrocycles preferentially while at ~; ] o/\ N ’73
high pH deprotonation occurs disrupting hydrogen bondin ©/(( ) j O ) O
so that the macrocycles move to the bipyridinium dicatior P O o P O
sites, because of stabilization iy stacking interactions. @ o \N+| o
These mechanically interlocked molecules were assembls k/OLJLoLJO\)
from a trifurcated ‘rig-like’ component containing thread

components of three [2] rotaxanes each fused at alterne

positions (1,3,5) of a benzenoid core. This rig-like componer )
is mechanically interlocked with a platform based on a tritopic

receptor, containing three oligo-ether macrocycles fused to a Figure 8. Molecular plug—socket connector.

hexaoxatriphenylene core.

Very recently, Stoddart and coworkers presented a ) )
molecular plug—socket connector [69]. Figueillustrates " @ self-assembling supramolecular —extension cable
the three components of the molecular level plug—sockd®S also been reported [70]. In one unique usage of a
connector: (i) a secondary dialkylammonium center whidiotéxane, the same research group reported tethering of
plays the role of a plug for dibenzo[24]crown-8; (ii) apseudorotaxanes at the entrances of the cylindrical pores
rigid and conducting biphenyl spacer; (iii) 1,4-benzo®f mesostructured silica thus creating nanovalves or gates
1,5-naphtho[36]crown-10 capable of behaving as a soclka@pable of trapping luminescent molecules at the mesopore
for a 4,4-bipyridinium dicationic plug. Two connections ofinterior, and able to release them on demand (figlye
the three-component assembly were shown to be reversibfg]. For the [2] pseudorotaxane gatekeeper structure,
controllable by using external acid/base and red/ox inpugs. tethered 1,5-dioxynaphthalene-containing derivative,
These results represented a key step in the design @&sted as the gatepost, and cyclobis(paragusphenylene),
construction of a self-assembling supramolecular systemhich recognizes dioxynaphthalene units, served as the
in which a molecular electron source could be connectgéte controlling access in and out of the nanopores.
to the molecular electron drain through a moleculdruminescent molecules could be released by introduction
elongation cable. Similarly, photoinduced electron flowf an external reducing reagent, NaCNBHvhich opens
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Breslow designed a cyclodextrin host carrying two imidazole

o 5 Q moieties that can hydrolyze a model substrate [97]. Inclusion
Oj ° of the hydrophobic part of the cyclic phosphodiester (the

model substrate) at the core of the cyclodextrin disposed

O
O the phosphodiester between the two histidines. Activation

r—@—‘ of a water molecule through deprotonation by the neutral
N? N*

o s & histidine (left), was followed by nucleophilic attack by

j P % the activated water at a phosphate group. Protonation of
o 0\)0 N P the phosphodiester by protonated histidine (right) assisted
TH |N+. \N“ this nucleophilic attack. The maximum activity of the

\_@_1 artificial ribonuclease was obtained at around thg pKthe
histidines (ca.pH 7) because of the essential cooperative

} function of the neutral and protonated histidines. FigLO€

\) L illustrates a molecular-cleft-type artificial enzyme, which was

/ \) developed by Anslyn and coworkers, where guanidinium
(’ residues connected to a rigid backbone could immobilize an
» = RNA phosphodiester moiety [98—100]. Imidazole in solution
& \‘,D activated 20H groups with subsequent nucleophilic attack
rug

c at the phosphate group. Electrostatic hydrogen bonding with
(/ the guanidinium groups stabilized the transition state during
hydrolysis. The reaction rate of RNA cleavage was increased

Figure 9. Pseudorotaxane gates at the entrances of cylindrical  BY this stabilization.
pores.

2.2. Porous crystals by metal coordination and
the nanovalve. The same research group also demonstrafedrogen bonding

reversible electrochemical operation of a nanovalve [72]; o ]
i.e. molecules could be trapped and released from t If-assembly processes based on directionally-defined

maze of nanoscopic passageways in silica by Contr0||iri]rétera}ctions such as metal cation coordinatipn or.hydroggn
the state of redox-activated bistable[2]rotaxane moleculB8nding can be used for syntheses of materials with precise
tethered at the of surface nanopore openings of the nanos@@gostructures. In particular, rigid porous frameworks
reservoir. have been constructed through a coordination-type
Apart from these examples, a great variety (ﬁelf—assembly process. Some of these are kn_own_ as
machine-like self-assembled objects have been developBgtal organic frameworks (MOFs) and/or coordination
by Stoddart and [73-75]. Cyclodextrin-based rotaxan@®lymers. As illustrated in figur&1A, appropriate selection
have also seen recent developments [76-82]. Use of otRérorganic ligands can lead to regular porous structures
components such as crown ethers [83-85] and fulleren&ih various sizes and geometries. For example, Yaghi
[86] as components of rotaxane structures have be@pd coworkers extensively developed MOF families using
demonstrated. oxo-bridged coordination complexes and organic ligands
Self-assembled structures with few components ha{fgure 11B) [101]. Because this research field has been
been widely reported and some so far unlisted recent examgiggently rapidly expanding, only a brief outline with
are also available [87—90]. However, we would like to hergeveral highlighted topics will be presented here. Related
mention one important subject of this category. Appropriaf€search has been adequately described in several excellent
molecular design of a host structure and self-assembly withigyiews [102103].
target guest sometimes induces a specific material conversion Yaghi and coworkers have extensively developed novel
similar to that observed for enzyme function so that theggpes of MOF structures and some of them have even reached
examples are often referred to as artificial enzymes [91-96pmmercialization. They recently reported preparation of
Self-assembly operation of functional groups can be obsen/égee-dimensional covalent organic frameworks [104]. These
in naturally-occurring enzyme mechanisms. For exampl@aterials are anticipated to have excellent capacities for
RNA hydrolysis by ribonuclease, as depicted in figlied\, is material storage. Yaghi and coworkers reported use of MOFs
achieved through sequential interaction with self-aggregatétl storage of gaseous guests such as methane [105] and
amino acid residues. By analogy with this and other simildydrogen [106].
systems, molecular spaces provided by self-assembly have Kitagawa and coworkers have developed various
been employed as artificial enzymes. Molecular spaces fwrordination polymers and investigated the unusual
artificial enzymes are designed to recognize specific substrateperties of trapped guest molecules [107]. They reported
molecules, stabilize reaction intermediates, and providlee direct observation of dioxygen molecules physisorbed
reactive groups in appropriate proximity to the trappeith the nanochannels of a microporous copper coordination
substrate molecules. The example shown in figléB is polymer [108]. The one-dimensional nanochannels of the
of a molecular-cavity-type artificial enzyme. Desper andoordination polymer result in a confinement effect and

8
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(A) 0

Metal lon etc

Organic Ligand

Figure 11. (A) general structure of metal organic frameworks (MOFs); (B) MOF with zinc oxide complex and organic ligands.

restrictedgeometry leading to a specific molecular assemblgnd framework-regulator (AF6 type anions; ASi, Ge,

The one-dimensional ladder structure of @imers thus and P) provided a series of novel porous coordination
obtained is unlikely to exist as a bulk fluid and/or solidpolymers [109]. Immersion of some of the coordination
The same research group reported that a combination pmlymer compounds in water stimulated a conversion of
framework-builder (Cu(ll) ion and 4,bipyridine ligand) three-dimensional networks to interpenetrated networks

9
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geometry resulting in inclusion of appropriate guests.
Since design of components for the network structures is
not limited an acridinylresorcinol could also be used as a
self-complementary building block in formation of a robust
hydrogen-bonded two-dimensional network19]. Guest
inclusion properties were statically and kinetically monitored,
and host-only cast films of the bisresorcinol on a quartz
crystal microbalance were used for analyses [12(1)]. Very
recently, Dalrymple and Shimizu reported optimization of
both metal complex and organosulfonate pillars enabling an
idealized hexagonal hydrogen bonding motif, which in turn
provided a permanently porous solid constructed exclusively
by charge-assisted hydrogen bonds [122].

Hydrogen-bonded porous crystals offer a medium for
reaction control as can be seen in molecular capsules and
coordination polymers. Aoyama and coworkers demonstrated
that an anthracene-bisresorcinol derivative, when used as an
organic network material, showed a novel catalysis of the
acrolein-cyclohexadiene Diels—Alder reaction in the solid
(two-dimensional interpenetration). The latter networktate [123-125]. In that reaction, the two reagents have
exhibited unique dynamic anion exchange propertiegiffering polarities and so could be assembled within the same
concurrent with drastic structural conversions. cavity. The subsequent intracavity reactions exhibited high

Kitagawa and coworkers also reported high levels stereoselectivities as well as remarkable rate enhancements.
selective sorption of acetylene molecules, relative to tl@epending on their structures, the products were either
similar molecule carbon dioxide, onto the functionalizedetained or exited the cavities, resulting in either deactivation
surface of some coordination polymers [110]. Hydrogeaof the catalyst or turnover, respectively.
bonding between two non-coordinated oxygen atoms of Generally speaking, these porous crystals provide
the framework material and the two hydrogen atoms efell-defined nanospaces, which can be adjusted by
the acetylene molecule resulted in adsorption of acetyleappropriate selection of organic ligands and interactive
molecules with a regular periodicity in the structure. Usinghodules (hydrogen bond unit and coordination metals).
this phenomenon at room temperature, acetylene could Teerefore, unknown sciences for molecules and
stored at a density 200 times greater than the safe compressiopermolecules entrapped within the formed nanospaces
limit of free acetylene. Figurd2 illustrates the controlled will be thoroughly investigated. Supermolecular chemistry in
and selective polymerization of substituted acetylenes dimension-controlled spaces would become a new challenges.
one-dimensional specific nanochannels containing basic Apart from the porous crystalline materials, well
carboxylate oxygen atoms as catalytic interaction sites on tesigned hydrogen bonding arrays provide other types
pore walls [111]. of self-assembled objects. One representative example is

Specific interactions and physical phenomena have alsanotube formation by designer cyclic peptides prepared
been investigated in these structures. Kitagawa and coworkieysGhadiri and coworkers [128,27]. These self-assembled
found an efficient photo-induced charge transfer betweematerials can operate as artificial membrane channels. They
confined electron donor guests and anthracene moieti#e one example amongst a variety of bio-related materials
of a porous coordination framework [112]. Hanton anduch as peptides, saccharides, proteins, and nucleic acids that
coworkers reported anion encapsulation through anionean be used as molecular modules for hydrogen-bond-based
interactions within cordination polymers prepared from Ag(l3elf-assembled structures. These topics are described later in
salts and a pyrimidine ligand [113]. Molnér, Bousseksou, anbis review.
coworkers proposed a method for patterning of spin-crossover
coordinatign polymers [114]. Selectivg material adsorptio§|_3_ Lipid assembly: liposome, vesicle, fiber, tube
such as kinetic separation of hexane isomers by Rodrigues,

Chen, and coworkers is also an interesting research targetBistinct from the direction-defined interactions such as
this kind of material [115]. Fundamental studies using thmetal coordination and hydrogen bonding are the solvophilic
BET method for surface area determination [116] and gasd solvophobic effects available in appropriate media.
sorption behaviors [117] have also been researched. Therefore, the self-assembled structures based on these effects

Hydrogen bonding can result in formation ofshould have dynamic nature, which is reflected in both
self-assembled porous solids. Aoyama and coworketgnamical changes of assembled structures and mechanical
investigated formation and guest inclusion phenomena ftéxibility of macroscopic shapes. Typical examples are
porous hydrogen-bonded networks composed of bisresorcitippbsomes and vesicles formed by self-assembly of lipids
derivatives [118]. As shown in figur&3, hydroxyl groups or related amphiphilic compounds. The amphiphilic natures
in the derivatives can form hydrogen bonds of specifiof the naturally-occurring lipids, including phospholipids

Figure 12. Controlled and selective polymerizations of substituted
acetylenes in one-dimensional specific nanochannels of a
coordination polymer.
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Figure 13. Porous hydrogen-bonded networks composed of bisresorcinol derivatives.

and glycolipids (figure14A), and certain types of synthetic  In spite of substantial developments in the science and
lipids (figure 14B) often result in formation of lipid bilayer technology of liposomes and vesicles, several features of
structures in agueous phases [128]. The lipid bilayer structihe systems still rely on traditional concepts of amphiphile
extends two-dimensionally and forms the ‘skin’ of a closedesign and useful medium (still usually an aqueous solution).
sphere that contains an aqueous pool (figitgupper). This Therefore, the conceptual expansion in molecular design
capsule-like structure can be thought of as a simplified mod¥l amphiphiles that are capable of forming vesicilar
of a cell. The term liposome is coined when the constitueftructures under unusual conditions should be a breakthrough
components are naturally-occurring lipids. Kunitake arfd@velopment. For example, Katagigt al developed a
Okahata found that artificial compounds possessing BRVE! concept for fusion of an inorganic framework with
appropriate structural balance between hydrophilic afigidic vesicles. They investigated the covalent linkage of
hydrophobic moieties can form similar spherical objecf Siloxane framework to a lipid bilayer vesicle [144-146].
[129], which are usually referred to as vesicles. Exampld41® resulting vesicles had a siloxane network covalently
of artificially designed amphiphiles are shown in figaas. attached to the bilayer membrane surface and are referred

A dialkyl structure is often used for the tail, but trialkylto as cerasomes (ceramics + soma) (fighés). Initial

.dispersion of the alkoxysilane-bearing amphiphiles in an
structures, tetraalkyl structures and azobenzene-type rigid'. . : . .
: cidic aqueous solution was achieved using a vortex mixer.
structures are also available [130-132].

i ) This translucent sample was morphologically stable over long
~ Liposomes and vesicles are often proposed for US@rioq4s The formation of the siloxane bonds was confirmed
in biological applications such as drug delivery [133-13§}y infrared spectroscopy, which indicated the presence of
because of their structural similarity to biomembranes;_o_s;jand Si-OH groups. Formation of vesicular structures
They also provide a medium for studying basic biologicalas confirmed by using transmission electron microscopy
phenomena such as the flip-flop motion within lipid bilayerstEM) where images of multi-lamellar cerasomes with a
[137] and membrane fusion [138,39]. Various mimics pijlayer thickness of about 4nm and vesicular diameter
of biologically important functions such as ion-channelingf 150 nm were obtained (figurg5A). Interestingly, TEM
[140], photosynthetic processes [141], and proton gradieffages of vesicular aggregates were observed in the same
formation [142] have been constructed using these artificigppecimen (figuré5B). Suppression of the collapse and fusion
cell membranes. Other artificial systems such as vesicle-basédhe cerasomes is implied from the fact that some of
rechargeable batteries have also been proposed [143].  the aggregates maintained their original spherical structure,
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Figure 14. Liposome or vesicle structures prepared from: (A) naturally-occurring lipids; (B) synthetic lipids.

probably through formation of an intra- and intermembrargynthesizedhydrophobic and hydrophilic components can be
siloxane network. This indicates that a multi-cellular modelombined with a great degree of freedom.
could be obtained by association of these stable cerasomes. For expansion of vesicle technology to non-agueous
Kimizuka and coworkers developed the formation afedia, Kunitake and coworkers recognized the immiscibility
aqueous bilayer structures from separate components linkddfluorocarbon components in general organic solvents
through hydrogen bonding (figudes) [147]. Thus, alkyl tails and subsequently synthesized compounds possessing both
were connected to a melamine unit and a polar ammonidmdrocarbon and fluorocarbon segments. These were then
head was linked to a cyanuric acid moiety. The melamirstudied for their self-assembly behaviors in nonaqueous
and cyanuric acid parts formed infinitely linked ribbormedia (figurel7) [148]. Using appropriate solvents, some
structures by complementary hydrogen bonding, thus leadiogmpounds containing both fluorocarbon and hydrocarbon
to a bilayer structure. By using this concept, individuallparts formed bilayer-like assemblies. The low affinity that
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Figure 15. (A) Cerasome structure and (B) cerasome assembly.

the fluorocarbon part has for the organic solvent leads tesingdialkyldimethylammonium salts in ionic liquid media,
the label solvophobic, and is in contrast to the solvophilicnown as the ‘vesicle in salt’ [149].

characteristics exhibited by the hydrocarbon parts. These Bilayer membrane structures can provide a fluidic
conceptually novel amphiphilic molecules assembled gmvironment where immobilized components can function as
that the solvophobic component is hidden inside thelays. For example, Kikuchi and coworkers demonstrated
assembly while the solvophilic component is exposed togic-gate-like activity control of an enzyme self-assembled
the solvent. Bilayer structures are obtained if there @n lipid bilayer structures [150-153]. FigurE8 displays

a good structural balance between the solvophilic ard functional relay at an artificial thin film between
solvophobic parts. Although studies of lipid bilayers andn amphiphilic amine receptor and an effector lactate
vesicle formation were originally initiated in order to mimicdehydrogenase (LDH). LDH activity is inhibited by the Cu ion
cell membranes in aqueous media, appropriate molecuaxitis in the OFF state. Subsequent addition of an appropriate
design has extended this concept to a wide range i¢gnal molecule (1-hydroxy-2-naphthaldehyde) removes the
molecules. In further advanced developments, Nakashifgd ion from LDH and forms a signal-receptor complex
and Kimizuka demonstrated formation of a vesicle structut&chiff's base). This removal of the Cu ion reactivates
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Figure 17. Self-assembling behavior of compounds possessing both hydrocarbon and fluorocarbon segments in nonagueous media.

the LDH, restoring the ON state. Photo-regulation of therimary chemical switching signal, is followed by reversible
LDH activity could also be achieved through receptoswitching of enzyme activity by using a photosignal.
photo-isomerization. The association behavior of the recepttan also operate as a logic device since activation of
molecules and binding ability toward the Cu ion changdbe enzymatic reaction (AND-type logic gate) requires
upon photo-isomerization of the azobenzene moiety. LD&ppropriate application of both chemical and photo-signals.
activity was completely suppressed for ttis-isomer system This is a primitive example but it might provide inspiration

resulting from visible light irradiation (OFF state); afterwardsfor construction of functional relays contained within artificial

the high-level of activity for the system (ON state) could b#hin films.

restored by UV irradiation, which gives theans-isomer.
This system can be regarded as a switching device whergraups
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Figure 18. Logic-gate-like activity control of an enzyme self-assembled at a lipid bilayer membrane.

amphiphile structures. In particular, the introduction offormation is highly advantageous for the bottom—up
a hydrogen-bond-forming unit into an amphiphilic structuré&brication of nano- and micro-objects.

often leads to formation of higher-order structures with  Typical examples are described in the following few
unique shapes through self-assembly processes [154-1figlres. Yamada, Ariga, and coworkers exercised control
asillustrated in figurel9. These structures include disc-likeover the morphologies of self-assembled structures using
micelles and rod-like supermolecules. Further developmeipids with a tripeptide moiety [157—163]. These peptide
of micelle and vesicle structures sometimes results in shdiplds can form aggregates not only in water but also in
structures consisting of a bilayer unit. When the shegbnpolar organic solvents formimysheet structures. Infrared
has curvature, helical ribbons and tubules are formed bpectra of tripeptide derivatives used in their research in CCl4
twisting and rolling of the sheets. This flexibility in structurakolutions contain the amide A, amide |, and amide Il bands
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Figure 19. Formation of higher order structures of amphiphile assemblies with unique shapes.

at ca. 3300,ca. 1630, andca. 1540 cnt?, respectively, and become aligned as is apparent from the TEM image. When
no peak atca.1690cm? indicating that these derivativesthe solvent is evaporated, fusion of the aligned fibers through
form parallel 8-sheet structures. The TEM image shown igolidification of the alkyl chains, results in the broader
figure 20A indicates the presence of thin fibers, which argiructure.

aligned in a parallel arrangement. Self-assembled structures A slight increase in the solvent polarity for self-assembly
observed in cast films of the peptide lipids obtained fromesults in cast films that differ substantially from those
CCl, solutions are different from those conatined in thebserved from CCIl4. Figur2l shows AFM images of cast
films prepared from aqueous solution. AFM images of tHgms obtained from CHGlsolutions of tripeptide-containing
cast films from CGCj solution are shown in figur@0B. lipids. All films possessed a reasonably flat texture with
Incubationtime strongly influences the structure of the fibersspecific patterns. Infrared data for these films indicate that
In films prepared immediately after dispersion, formatiothe tripeptide group is in a non-interacting state in CHCI
of numerous entangled thin fibers of widths 20-40 nm Bolution so that the morphologies observed by AFM were
observed. Conversely, thick fibers or rods with widths afradually assembled during solvent evaporation. Inspired by
300-400 nm were found in films prepared following a 3-dathis flat film formation, Yamada and coworkers significantly
incubation of the solution. FigurB0C shows the proposedstrengthened their self-assembled supramolecular films by
self-assembly mechanism of the peptide lipids in CCldtilizing the interaction between oligoleucine side chains
solution and in their cast films. Parall@-sheet structure [164]. Figure 22 shows preparation of self-standing thin
formation together with exposure of the hydrophobic tails tiims of a Leu-Leu-Leu—Glu-type peptide lipid by casting
the nonpolar solvent requires formation of a fibrous structuead drying from CHGJ) solution. Films prepared by this
bearing the cross section of a single or a multiple reversetethod are robust and can be manipulated using tweezers or
micelle. Following an appropriate incubation time the fibef®lded without fracture despite the lack of covalent linkages
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Figure 20. (A) Self-assembled structures of peptide lipids in CCl4; (B) self-assembled structures in cast films; (C) proposed self-assembly
mechanism of peptide lipids. © 2000, American Chemical Societygmuir16 (2000) 4929.

between peptides. This mechanical strength results from gneetworked polyglycine Il hydrogen bond instead of the
perpendicular arrangement of the parglledheet and leucine conventionaf-sheet motif. Detailed AFM observations of the
‘fastener’ structures within the films. tubes revealed a hierarchical ordering within the structure of
Shimizu and coworkers extensively developed formatiahis assembly. The structures formed were robust even stable
of fibrous and tubular structures through self-assembly afainst heating at 10@ in water or to ultrasonic irradiation.
bola-type amphiphiles [165-168]. Tube structures requikeven after evaporation to dryness, the structure could be
an uneven curvature of opposing sides of a precursa@generated simply by addition of water.
self-assembled membrane. Thus, bola-amphiphiles with Hybridization of organic self-assembled structures with
terminal groups of differing size should be better candidatésorganic materials can also lead to development of
for construction of lipid tubes. By careful consideratiomovel properties and functions that are not available in
of lipid structure design, unsymmetrical lipid nanotubethe individual components. Figur25 illustrates formation
with differing interior and exterior surface structure®f an inorganic nanowire within a lipid envelope in
can be prepared. As shown in figu23, Masuda and work performed by Kimizuka and coworkers [17273].
Shimizu realized this concept by designing unsymmetric@ine class of halogen-bridged one-dimensional mixed
bola-amphiphiles, which self-assembled in water to forwalence complexes is of great interest due to its unique
lipid nano- and microtubes [169]. The nanotubes obtaingthysicochemical properties. These properties include intense
encapsulated the staining reagent phosphotungstate revedlitgrvalence charge-transfer absorption, semiconductivity,
a hollow cylindrical morphology several hundred micrometer@nd large third-order nonlinear optical susceptibilities.
long with 30—-43 nm and 14—29 nm outer and inner diametefShloro-bridged linear platinum chains were dispersed as
respectively. In their pioneering work Shimizu and coworketaggregates of a polyion complex with a sulfonate amphiphile
realized formation of vesicle-containing tubular structureshose lipophilic alkyl chains are oriented toward the organic
from a bola-amphiphile where glycylglycine segmentmedia. Dispersion of the low-dimensional structures is
are attached at both the end of an aliphatic chadue to the organized lipid molecules, which can stabilize
(figure 23) [170, 171]. Infrared spectroscopy revealed thahe mixed valence chains in solution. Heating the linear
the glycylglycine functional groups in the monolayer fornplatinum complex causes dissociation into its individual
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complexes, which are then re-assembled upon cooling
to lower temperatures. A reversible structural transition
between aggregated mesoscopic and individual molecular
metal complexes was thus realized by the formation of a
self-assembling amphiphilic supramolecular structure.

Because a huge variety of shapes is accessible using
self-assembly of lipids and related amphiphiles through the
wide choice of commercial and designer components, and
because of their soft, malleable natures, such structures have
attracted the attention of many researchers who have reported
many excellent results. Other relevant work has been reported
[174-184].

2.4.Gels and liquid crystals

Unlike many supermolecules that may still remain within
basic scientific areas, gels and liquid crystals are well
recognized as practical materials, as seen in water
preserver/absorber and optical displays. In particular,
gels and liquid crystals formed through self-assembly of
low molecular-weight components have attracted significant
attention [185-188]. In those materials, appropriate design of
small molecular structures can lead to drastic changes in the
properties of the bulk materials.

Ajayaghosh and coworkers have extensively investigated

Figure 21. Self-assembled structures of peptide lipids in films castmicrostructure formation from conjugate oligomers and their
from CHC solutions. © 2000, American Chemical Society,

Langmuir16 (2000) 4929.

properties of gelation. For example, they have reported
the formation of micrometer-size supramolecular tapes and
helices through self-assembly of oligo (p-phenylenevinylene)
derivatives (figure26A) [189]. Formation of superstructures

of micrometer size in a dried assembly obtained from decane
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Figure 22. Self-assembled supramolecular films of Lue-Leu-Ley-Glu-type peptide lipid.
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Figure 23. Tubular structures of self-assembled bola-amphiphiles

was revealed by SEM imaging. Birefringence exhibited by
the gel when viewed through crossed polarizers indicated t
molecular anisotropy within the aggregates. The tunable sizc
and morphology of the assemblies resulted in preparation
of nanoparticles, microspheres, and superstructured blue
light-emitting organogels. These workers also reported
self-assembly transformations of squaraine dyes (figagy, length in poly(diacetylene) structure [192]. As shown in
which could form vesicular structures or helical architecturdfigure 27, they attached the well known gel-formation
[190]. Hollow spherical structures of the tripodal squaraindgomoting  substituents,  3,4,5-trialkoxybenzoic  acid
first self-assembled from acetonitrile were transforme@oieties, to the diacetylene using flexible alkyl chains.
into linear helical structures upon introduction of %a The photopolymerizable unit containing flexible linkers
or Mg?*. An interesting target for functionalization ofwas expected to be strongly stabilized by intermolecular
self-assemblies of aromatic oligomers is the potential contfdydrogen bonding involving two amide linkages, which
of optical properties based on supramolecular structupere surrounded by the gelation-promoting moieties. The
variation. Ajayaghostet al also investigated fluorescencemultiplicity (odd or even) number of alkyl chains was found
resonance energy transfer (FRET) between the tape-likebe a key factor in determining whether the blue or red
structure of a few tailor-made oligo (p-phenylenevinylené)hases of poly(diacetylene) was obtained.
derivatives (donor, figur@6C) and entrapped rhodamine B A variety of designs of low molecular-weight gelators
(acceptor) [191]. The efficiency of FRET was influenceiave been reported. lhara and coworkers reported
considerably by the ability to form self-assembled aggregatelsirality control of a self-assembled organogel [193]
of the oligo (p-phenylenevinylene) compound and so contrahd self-assembled fibrillar network formation [194]
could be realized by variation of solvent polarity and/opased on molecular design using a glutamate backbone.
temperature. They have also recently reported enhanced fluorescence
Structural control of conductive polymers withinemission and photochromism in organogel structures of
gel structures was achieved by Fujita, Shinkai, arghlicylideneaniline derivatives [195]. Hanabusa and
coworkers. They proposed molecular design of gel-formirgpworkers have worked extensively on low molecular-
molecules with controllability of effective conjugationweight gelators based on molecular structures of

[PtCl,(en),2*  [Pt(en),]?*

Figure 25. Inorganic nanowire within a lipid envelope.
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Figure 26. Gel-forming conjugate oligomers.

ureylene  [196], diaminocyclohexane  [197], and finer bundles. Non-volatility of the ionic liquids imparted on
cyclohexanetricarboxamide [198]. Sakurai and coworketise gels thermal stability and resistance to shriveling even
reported gel fibers from cyclic bisurea derivatives [199inder reduced pressure although they would readily undergo
Shinkai and coworkers developed organogels with gel-to-solid transition when physically placed on absorbent
cholesterol-based2p0] and sugar-based [201] moleculamaterials.
designs. In common with gel materials, liquid crystals have many
As a final example of gelatinous self-assembly one vepractical uses. Phase transitions and orientation control of
unique topic is shown in figur@8. Fukushima, Aida, and liquid crystalline materials are attractive subjects, especially
coworkers found serendipitous gel formation on intimat@ relation to possible photonic applications, because of their
mixing of an ionic liquid and carbon nanotubes [2@P3]. molecular alignments. Kato and coworkers developed liquid
Grinding of a mixture of pristine single-walled carborcrystalline materials that are stabilized by hydrogen bonding
nanotubes and an imidazolium room-temperature ionic liqujd04,205]. They demonstrated variation in the self-assembled
resulted in stable gels. The heavily entangled nanotuliguid crystalline structures of folic acid derivatives. Addition
bundles were found to untangle within the gel to form mucbf alkali metal salts to a thermotropic folic acid derivative
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Figure 27. Gel-forming molecules with controllability of effective conjugation length in poly(diacethylene) structure.
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Figure 28. Gel formation from an ionic liquid and carbon nanotubes.

resultedin a transition from smectic to hexagonal columnaon-dipolarinteractions between the added sodium ions and
phase (figur@9) [206]. With this phase change the hydrogethe discotic assemblies.

bond pattern was altered from ribbon to disk because the Ichimura and coworkers pioneered the novel concept
columnar liquid crystalline structures were stabilized bgf a ‘command surface’ where a single monolayer controls
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Figure 30. Orientational changes of a liquid crystal by photoisomerization of a surface monolayer.

orientation within bulk liquid crystalline films [207]. immobilized on a solid surface and liquid crystalline materials
They developed magnification of structural information byvere then deposited on the monolayer. Orientation of the
combining photoisomerization of surface monolayer anflick liquid crystalline layer could then be achieved by
liquid crystalline materials. In the example shown iphotoisomerization of the command monolayer so that a
figure 30, a photoisomerizable ‘command’ monolayer washenomenon occurring at the molecular level was amplified
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Figure 31. Transcription of tubular structures of organic gels into double-walled silica nanotubes.

leading to a bulk structural change. This concept coul#ianabusa [224-233]. For example, in appropriate media
be applied in the development or improvement of displaiyie compound shown in figurgl forms tubular structures,
devices. which, upon sol-gel condensation of the co-reactant
Furumi et al investigated electrical control [208nd tetraethyl orthosilicate and subsequent calcination, are
photonic control [209-112] of the photonic bandgap itranscribed as double-walled silica nanotubes [234]. Helical
chiral liquid crystals for possible use in laser devicesibbon aggregates composed of crown-appended cholesterol
Shape-memory fibers consisting of self-assembled liquitrivatives have been used to transcribe chiral silica
crystalline polymers were proposed by Terentjev ar{@35]. Hollow fibers of titanium oxide have been prepared
coworkers [213]. Photo-induced polarization inversion ifrom self-assembled gels of cyclohexanediamide derivatives
ferroelectric liquid crystals was realized by Lemieak al [236]. With similar synthetic concepts, silica nanostructures
using an ambidextrous chiral thioindigo dopant [214Fontaining fullerene [237] and porphyrin [238] moieties
Schmidt-Mendeet al developed high efficiency organichave also been reported. Shimizu and coworkers reported
photovoltaics using self-organized discotic liquid crystaletal nanowire formation, where a synthetic glycolipid
of hexa-perihexabenzocoronene derivatives [215]. Clark aMd(11-cis-octadecennoyl)-y-D- glucopyranosylamine in a
coworkers reported a class of fluid polar smectic liquitbular structure was used as a template [239]. First, capillary
crystals in which local splay prevails in the form of periodidorce was used to encapsulate gold or silver nanoparticles
supermolecular-scale polarization modulation stripes couplid the hollow cylinders of the lipid nanotubes, followed
to layer undulation waves [216]. Other recent exampldyy removal of the organic components by calcination
on self-assembled liquid crystal materials are also availatsie the the nanocomposite, yielding gold nanowires of
[217-221]. controlled width. Additionally, glycolipid nanotubes were
used to prepare helical arrays of CdS nanoparticles [240].
Modulation of structure of the transcribed materials, including
regulation of silica nanotube diameter, can be realized using
Self-assembled materials consisting of organic or biologicsblvent-sensitive morphological changes of the template
materials are often mechanically fragile. If one could ugeeptidic-lipid nanotubes [241].
these structures as templates for nanostructure syntheses ofA great deal of other research into fabrication of
robust stable formations of metallic or inorganic materialsarious types of nano- and micro-structures based on
stable objects bearing morphologies reflecting the originstructure transcription has also been reported. For example,
self-assembled structures might be obtainable. In fact ti#sice et al. reported preparation of Cu spiral/helical
strategy has been applied and is referred to as structuemostructures through selective electroless metallization
transcription from self-assembled objects. It is one of the bagting a phospholipid microtubule template [242]. Rasal
methods to produce self-assembled structures for use unadeo reported synthesis of hollow nanospheres and nanotubes
harsh conditions. of AlI203, having tuned the wall thicknesses by atomic
Research based on this concept has recently receiVagier deposition on self-assembled polymeric templates
attention [222,223]. Transcription of fibrous and tubular[243]. Synthesis of vanadium oxide nanotubes using a
structures of organic gels into inorganic substances has beeff-assembled alkyl amine template was demonstrated by
extensively reported by the groups of Shinkai, Shimizu, arid and coworkers [244]. One atypical morphology prepared

2.5. Structure-transcribed material
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Figure 32. Synthesis of (A) mesoporous silica and (B) mesoporousil in water microemulsions were used as templates [274].
carbon. Mesoporouscarbon materials can be synthesized through
carbonization within mesoporous silica as a hard template and
by the structure transcription technique is that of the carbg@absequent selective removal of the silica (figd28). Ryoo
nano-test tubes fabricated using a cre-sheath Te@carlk®ral first realized synthesis of ordered mesoporous carbon
nanocomposite as a template, as reported by Yu ag®K-1 using MCM-48 silica as a template and sucrose as
coworkers [245]. Corking of silica nano-test tube usinghe carbon source [275]. The first well ordered mesoporous
chemical self-assembly processes has been reported chybon CMK-3 that was a faithful replica of the template
Stewart, Martin, and coworkers [246]. By using concepigas synthesized using SBA-15 as a templ&e6]. Hyeon
of self-assembly processes various inorganic nanostructusesal reported, independently and somewhat later, a similar
have been prepared. For example, boron nitride nanotulgsproach for preparation of well-ordered mesoporous carbon
[247], Si-core microwires coated with aligned Sitanowires materials designated SNU-x [277—-279].
[248], silica-shielded Ga—ZnS nanowires [249], and boron Although preparation of mesoporous carbon and related
nitride nanomesh [250]. materials has been extensively researched [280-284],
Of the known structure-transcribed objects, mesoporobgeakthrough concepts have been recently proposed by
materials the most popular and many applications awnu and coworkers. They applied a similar strategy for
anticipated [251-263]. Mesoporous silica materials cahe synthesis of mesoporous carbon nitride with combined
be prepared using micellar assemblies of surfactants garbon and nitrogen sources (figurg@3A) [285-287].
block-copolymers as soft templates (figu82A). In 1990, More recently, they have pioneered a third method for
Kuroda and coworkers first reported the preparation efnthesis of mesoporous materials, called the ‘elemental
mesoporous silica with a uniform pore size distributiosubstitution method’ [288]. In this method, component
through intercalation of cetyltrimethylammonium cations intelements are substituted by other elements with retention of
the layered polysilicate kanemite followed by calcinatiothe mesoporous structure. For example, they successfully
to remove the organic moiety (FSM-16) [26265]. Later, realized the first synthesis of mesoporous boron nitride and
Mobil scientists supplied materials having large uniforrmesoporous boron carbon nitride (figl@@8) [289—-291].
pore structures, high specific surface area, with specific pore Vinu and coworkers recently reported synthesis of the
volume and hexagonal geometry MCM-41 [2@6,7], cubic novel nanocarbon, ‘carbon nanocage’ [292-295], through
geometry MCM-48 [268], or lamellar geometry MCM-50template synthesis using a large three-dimensional cage-type
[269]. Tanevet al prepared HMS using a neutral amindace centered cubic mesoporous silica material (KIT-5) as
as template [270], and Bagshat al similarly synthesized the inorganic template (figui@A). The specific surface area
a disordered mesoporous material designated as MSWwid specific pore volume of carbon nanocage greatly exceeds
using polyethylene oxide (PEO) [271]. Stucky and coworkethose reported for conventional mesoporous carbon materials.
developed highly ordered large pore mesoporous silidderefore, the capacity for lysozyme adsorption on the carbon
SBA-15 with thicker pore walls and a two dimensionahanocage is much larger than that observed with mesoporous
hexagonal structure using an amphiphilic triblock copolymearbon CMK-3. The carbon nanocage also exhibits excellent
of poly(ethylene oxide) and poly(propylene oxide) in highlgapabilities in the separation of small molecules [296]. In
acidic media [272,273]. The same group also preparefigure 34B, the superior adsorption capability of the carbon
MCF type materials where triblock copolymers stabilizingpanocage in removal of a dyestuff (Alizarin Yellow) is

24



Sci. Technol. Adv. Mater9 (2008) 014109 Topical Review

(A)

Carbon Source Template
* Removal

- -

Template

KIT-5 Cross Section

(©)

Figure 34. (A) Synthesis of carbon nanocage; (B) its TEM image; (C) filtration of aqueous Alizarin Yellow: (a) without carbon, (b) with
activated carbon; (c) with carbon nanocage; (d) with mesoporous carbon CMK-3. © 2007, American ChemicalBdceretghem.
So0c.129(2007) 11022.

demonstrated. An aqueous solution was passed throughat - Chiral Surfactant

of the respective carbon material deposited on top of a cottc /\/\/\/\/\/\j\ "\n’d
plug in a pipette and with application of a slight pressure s i
When compared with the control test without carbon (a), th -
carbon nanocage materials completely removed the dye (« ‘
while activated carbon powder (b) and CMK-3 (d) were not

effective for removal of the dye under these conditions. #

highly selective separation of catechin and tannic acid b

the carbon nanocage material in a one-pot process was al

found. Use of carbon nanocage as adsorbent provided a highly

selective adsorption of tannic acid (c85%) in a simple Figure 35. Mesoporous silica with chiral motifs.
one-pot process. This result could originate from the very

unigue geometry of the carbon nanocage materials. i
Because chemical modifications of mesoporous materiQ 130-180nm and lengths of 1-6mm. TEM observation

(especially mesoporous silica) are well established [zgﬂonfirmed the presence of hexagonally aligned mesoscopic

further fabrication and functionalization of mesoporou§h@nnels with diameters of 2.2nm wound together in a
materials has been extensively researched. Rec@afticular direction. This finding attracted some researchers

breakthroughs on fabrication of mesoporous materid@ this field who have further developed the synthesis of chiral
involved synthesis of chiral mesoporous silica material8€soporous objects [301-303]. As one of the other significant
and preparation of periodic mesoporous organosilicate&eakthrough materials for this area, PMO materials were
(PMO). Chirality was introduced in mesoporous material§troduced by three groups working independently: Inagaki
by using a chirally-defined surfactant template, whiciroup [304], Ozin group [305], and Stein group [306]) in

was demonstrated by Chet al [298-300] who used an 1999. As illustrated in figur&6, this category of materials
N-acyl-type alanine-based surfactant to prepare mesopordésissynthesized using organic molecules having multiple
silica containing chiral pores (figurg5s). SEM observation alkoxysilane groups such as bis(triethoxysilyl)ethene
of the obtained mesoporous silica revealed that the materialed bis(triethoxysilyl)benzene. Although much work has
possessed regularly twisted rod-like structures with diametdrsen done on PMO materials [307-309], one of the most
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Figure 36. Periodic mesoporous organosilicates (PMO) with various organic moieties.

fantastic findings in PMO technology is the formatiomeleaseof drug molecules from pore voids [318]. Vallet-Reg
of crystalline pore walls [310]. Inagakét al synthesized and coworkers used two types of hexagonally ordered
a PMO material using benzene-bridged organosilan@esoporous materials, MCM-41 and SBA-15 as matrices for
1,4-bis(triethoxysilyl)lbenzene. The powder XRD patternslendronate (bisphosphonate) adsorption and release [319].
showed a set of peaks assignable to a two-dimensiofidle same research group also reported controlled delivery of
hexagonal lattice. Four sharp peaks corresponding to periodiacrolide-type antibiotics using SBA-15 [320]. Hyeon and
structure with a spacing of 0.76 nm were detected in tlo®workers report a synthetic procedure for the fabrication of
small angle region. Many lattice fringes, stacked alonmesoporous silica spheres, which was applied to the uptake
the channel axes with a uniform spacing of 0.76 nm, weead controlled release of drugs [321]. A unique example
confirmed by TEM imaging. These results are consisteabmbining molecular assembly techniques and mesoporous
with a crystal-like pore-wall structure, with an alternatenaterials for controlled release was reported by Wang and
arrangement of hydrophilic silicate layers and hydrophobi€aruso where enzyme immobilization and encapsulation was
benzene layers. accomplished in bimodal mesoporous silica spheres with the
As summarized in a recent review by Ariget al aid of layer-by-layer (LbL) assembly [32323].
[311], supramolecular functions of mesoporous materials Mesoporous materials provide nanospaces of predictable
make up a significant new trend in this research fieldtructural dimensions where novel functions as well
Of various reported functions, controlled release froms unknown phenomena can be investigated in depth.
mesopores is one of the most attractive topics (one examf@enfinement of polymeric substances in mesopores
is described in figur® of the previous section). In pioneeringhas been researched [324-328]. Several examples of
work, Fujiwara and coworkers achieved photo-controllegolymerization in mesoporous media using monomeric
regulation of drug storage and release from mesoporous silteanplates for preparation of mesoporous materials with
[312, 313]. They functionalized MCM-41 with photoactiveconductive polymers contained within the pores have
coumarin, which showed photo-responsive dimerizatidreen reported (figure87). Aida and Tajima used a few
resulting in reversible gate operation. Lin and coworkeldnds of hexadecadiynyl trimethylammonium bromide
realized a controlled-release delivery system using colloags templates to synthesize mesoporous silica containing
capping of mesoporous silica [314]. The same researdlacetylene in micro-fiborous form [329]. Luet al
group demonstrated gate-controlled molecular recognition bged oligo (ethylene glycol)-functionalized diacetylenic
selective functionalization at the external and internal surfacgsrfactants as structure-directing reagents for mesoporous
of mesoporous silicates with polylactate and o-phthalgilica films through casting, spin-coating, or dip-coating
hemithioacetal, respectively [315]. They synthesized a seri@ethods [330]. Diacetylene can be then polymerized
of room temperature ionic liquid-containing mesoporougpon exposure to UV light. Aida and coworkers also
silica nanoparticulate materials with various particldeveloped poly(pyrrole)-containing mesoporous silica films
morphologies, including spheres, ellipsoids, rods, and tubieshexagonal and lamellar phases [331]. The films obtained
[316] and investigated controlled release profiles using ionigere immersed in a solution containing anhydrous geQl
liquids as antibacterial agents against the Gram negatpelymerize the pyrrole monomer. The polypyrrole chains
microbe Escherichia coli K12. Martnez-Mez and coworkersre highly constrained and insulated when incorporated
used an MCM-41 mesoporous solid support functionalizedthin the hexagonal nanoscopic channels and the possibility
at its external surface with polyamines for controlledf polarons recombining into bipolarons is suppressed
entrapment and release of guest anions [317]. Xiao asgnificantly. In contrast, the two-dimensional lamellar
coworkers also reported a pH-responsive carrier systghase afforded spatial freedom for electron recombination.
based on carboxylic acid modified SBA-15 silica rods anBimilarly thiophene polymerization in mesoporous silica
poly(dimethyldiallylammonium chloride) for storage andhannels was reported by Fuhrhop and coworkers [332].
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Figure 39. Isomerization between the spiropyran and merocyanine
forms of a merocyanine dye in proteosilica.

Introduction of biological components is a new challenge
in mesoporous science and technology. Ariga and coworkers
developed mesoporous silica with densely packed peptide
segments known as proteosilica (figu®) [334, 335].
This nano-composite material provides an asymmetric
medium for photochemical reactions [336]. Photochromic
dye molecules such as spiropyran can be doped into
the chiral environments of the proteosilica films, where
asymmetric photoreactions have been demonstrated using
alanylalanine-type surfactants. Isomerization between the
spiropyran form and the merocyanine form can be repeated
upon alternate irradiation of visible light (420 nm) and UV
light (280 nm) to the films, respectively. Only negligible CD
signals originating from the guest could be observed for
the film containing the merocyanine form, while the film
with the spiropyran form showed clear CD activity in the
region from 250 nm to 400 nm. A complete mirror image of
the CD spectrum was obtained depending on whether the
L-peptide or D-peptide host was used as the host surfactant.
Alternate irradiation with UV and visible light induced

erepeated changes in the CD spectra with a small degradation

in the intensity. The reported system could be applied for
) . development of non-destructive memory devices.
Supramolecular self-assemblies can also be confined in A ey synthetic method that addresses the issues of both
mesopores. Aida and coworkers reported the first example fyse functionalization of the pore interior and increased
immobilization of one-dimensional columnar charge-transf%cessibi"ty for external guests was developed by Ariga,
assemblies within mesoporous silica films through thRida, and coworkers (figuré0A) [337, 338]. The template
sol-gel reaction involving charge-transfer complexes @fmphiphile, which had dialkoxysilane functionality as part
an amphiphilic triphenylene donor and various acceptog$ the head group, was covalently attached to the silica
(figure 38) [333]. The films obtained were highly transparertamework by sol-gel reaction with tetraethyl orthosilicate;
and color-tunable by varying the intercalated accept@his resulted in densely filled mesoporous silica channels.
The molar ratio of donor and acceptor, related to th8ubsequent cleavage of the alkyl tail by hydrolysis of the
photoconductive properties, could be varied over a wide rangéter at the C-terminal left open pores with an internal
from 1:1 to 9: 1. In hexagonal mesoporous silica, the silicgurface functionalized with alanine moieties. In this case the
wall segregates the individual charge-transfer columns, whitdmplate behaves like a ‘lizard, that bites the silica wall and
display neither solvatochromism nor guest-exchange activitiyen sheds its tail. Reactor applications were introduced for
Also, they exhibited red-shifted absorption bands, which asémilarly prepared hybrid structures. The catalytic capability
possibly due to a long-range structural ordering. of these materials prior to hydrolysis on the acetalization of
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Figure 41. Micron-sized assemblies from metal-polymer
amphiphiles.

general strategy for rational molecular design of novel types
of artificial enzymes as bio-inspired solid catalysts.
Immobilization of more complicated biomaterials has
been recently investigated with one typical example being the
inclusion of proteins in mesopore channels [340-345]. Vinu
and coworkers performed systematic investigations on protein
adsorption onto mesoporous materials, mesoporous silica and
mesoporous carbon [346—358]. Typically, protein adsorption
obeys Langmuir monolayer adsorption and much depends
on pore size and geometry of the mesoporous adsorbents.
Because the charged states of proteins and/or mesoporous
materials vary depending on pH, adsorption behaviors of
proteins could be regulated by using pH control. Adsorption
near the protein isoelectric point tends to be optimum
probably because of minimized electronic repulsions.

2.6. Macroscopic assembly

Figure 40. (A) Functionalization of the pore interior by lizard Since self-assembly is a very general concept, material
template method and (B) acetalization of a ketone within formation through self-assembly is not limited to

unhydrolyzed pores. © 2004, American Chemical Socigtgm. molecular-scale and nanometer-level objects. It can be
Chem. Soc126(2004) 988. applied even to macro-sized objects. In this section, unique

examples of this will be briefly summarized.

Mirkin et al reported self-assembly processes of

alll<detone(,j_s.uch as cy(;:lohexanon%, It? e;h;nol (EtOH) uknqﬁétal—polymer amphiphiles fabricated by sequential
mild conditions was demonstrated by Aida and coworke ectrodeposition of gold and polypyrrole into a porous

(figure40B) [339]. Simultaneous incorporation into the Silicaaluminum template (figuret1) [359]. These micron-sized

channels of cyclohexanone and EtOH, at the hydrophobigsempiies had outside diameters of 400nm for the gold
inner domain and hydrophilic (ionic) outer shell, respectively 4 360 nm for the polypyrrole portions. The hydrophobic
caused their activation through hydrogen bonding with th&.o-tion between polymer moieties in water caused
amide NH and carbonyl groups of the peptide functionaliti€gniraction of the polypyrrole domains resulting in a
at the core-shell interface. Carbocationic intermedialggsigned curvature of the self-assembled microstructures
that are probably transiently involved in the acetalizationy gold-polypyrrole amphiphilic rods. They mostly formed
and generation of these intermediates is favored by th@ular structures with diameters in the range 10-100 mm,
highly polar environment of concentrated ammonium Sf"ﬂepending on the ratio between gold and polypyrrole
functionalities. This work appears to provide a novel anfomains. The rod units themselves can behave like well
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Ve, S hydrophobic perfluorodecalin and water, the pieces assembled
f spontaneously so that hydrophobic faces grouped together

%—\0,} {/%\O]L thus avoiding an unfavorable exposure of these faces to water.
OH

This assembly process resulted in the formation of a regular
honeycomb structure. Altering the shape of the unit pieces
’ changed the arrangement of the hydrophobic faces and led to
creation of a variety of regular macroscopic assemblies. Using
four different pieces with differently shaped hydrophobic

faces so that four pieces form two kinds of pair by contact
between complementary shapes, matching of linked structures
could also be demonstrated [365]. This macromodel can
» be regarded as a mimic of hybridization processes of
nucleic acids in the visible regime. Such approaches are
not limited to self-assembly within two-dimensional space,
and construction of three-dimensional systems has also been

reported [366—368]. For example, spontaneous folding of
Figure 42. Macroscopic molecular self-assembly of an amphiphilihree-dimensional tape-like objects was demonstrated and can
hyperbranched copolymer in acetone. be regarded as mimicry of folding in protein and peptide
segments [369870].

designed qmph|ph|llc molecules. Yaet al reported t.he'3. Self-assembly in bulk media 2; component type
macroscopic molecular self-assembly of an amphiphilic

hyperbranched ~copolymer in acetone, which generatgd,o fol0wing sections, we have selected several of these

_multi-walleq tubes millimeters in .diameter and CentilT‘et‘:‘rl'?‘iolecular types and objects and summarized recent research
n Iength (flgure42) [360] The thickness of the tube Wa”SOf their Self-assembling behaviors and prOpertieS.
approached 400 nm, and the walls had an inhomogeneous

lamellar structure that alternates between amorphous, partl
irregular hydrophilic domains and well-ordered hydrophilig"

domains. Porphyrins and related molecules play essential roles in
In this particular field of self-assembly, Whitesidesnany biological systems. For example, they are involved
and coworkers have been making extremely significaimt the crucial reactions within photosynthetic systems that
contributions [361-363]. They have reported a series of resuli composed of sophisticated supramolecular assemblies of
based on visual models of supramolecular self-assembly. Qneteins and dyes. The antenna complexes of photosynthetic
example of their work is shown in figuré3 and is based bacteria consist of a core light-harvesting antenna (LH1) and
on millimeter-sized hexagonal sections bearing hydrophil& peripheral light-harvesting antenna (LH2) that contribute
and hydrophobic faces in an alternating arrangement [364). the collection of light energy. The excitation energy
Upon positioning of these pieces at an interface ahigrates within the wheel-like arrays of chlorophylls in

{. Porphyrin

Unit Structure

Hydrophilic
4 Face
Hydrophobic
Face
Top View Side View
Assembly

Top View

Waterj— \
| e—E
Perfluorodecalin =

Figure 43. Visible models of supramolecular self-assembly on millimeter-sized hexagonal pieces with hydrophilic and hydrophobic faces
at the interface of perfluorodecalin and water.
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(A)

Figure 44. Self-assembled structures of (A) porphyrin with imidazole attached at the meso-position and (B) imidazolylporphyrinatozinc(ll)
dimers connected with a 1,3-phenylene spacer.

the LH1 and LH2 complexes and is finally funneled int@enters and a porphyrin dimer with a single zinc center. A
the chlorophyll dimer (special pair) at the photosynthetistraightforward mimic of the natural light harvesting antenna
reaction center. These elegant processes associated wytstem was provided using imidazolylporphyrinatozinc(ll)
assemblies of porphyrin molecules have attracted madiymers connected with a 1,3-phenylene spacer as the linking
organic, biological, and supramolecular chemists [371-383lbunit. Under appropriate conditions, the conformation of
In particular, the formation of structures containing multipl¢éhis unit resulted in formation of a closed ring (figutéB)
porphyrin molecules using self-assembly processes is [@87,388].Such a model may be important for understanding
attractive research target. A wide variety of structures can tie evolutional strategy for ring structures in the natural
obtained through supramolecular self-assembly thanks to fhteotosynthetic system.
molecular design flexibility of porphyrins, since they can be Coordination interactions have also been used for
easily modified with relatively little synthetic effort. non-covalent bridging of conjugated covalent arrays of
Kobuke and coworkers developed a non-covalepbrphyrin units. A series of conjugated zinc porphyrin
supramolecular approach for construction of porphyrin arragigomers formed stable ladder complexes with linear
from rather simple units384], principally using coordination bidentate ligands such as 1,4-diazabicyclo[2.2.2]octane
between central metal and imidazole groups attached (BABCO) and 4,4bipyridyl (figure 45) [389-391] as
the meso-position (figuret4A) [385, 386]. The lengths reported by Anderson and coworkers. The DABCO molecule
of the supramolecular arrays can be controlled simply thas high basicity and this characteristic is important for
fixing the ratio between a porphyrin dimer with two zincstable complex formation with a rigid structure. Additionally,
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Figure 45. Ladder complexes of conjugated covalent arrays of porphyrin units with linear bidentate ligands such as
1,4-diazabicyclo[2.2.2]octane (DABCO).

interesting cooperativity in their self-assembly processes wadensive contributions on porphyrin gel preparation
observed and formation-dissociation equilibria of the ladd¢399—-401]. Takeuchi, Shinkai, and coworkers
complexes exhibited a large Hill constant. Formation angported a series of porphyrin-based gels and one
dissociation in this system is a representative example @fample is shown in figure46 [402]. The porphyrin
‘all-or-nothing’ behavior. A self-sorting mechanism occurslerivative used has hydrogen-bond-donating (carboxylic
when porphyrin oligomers with different lengths are mixedcid)/accepting (pyridine) substituents or electron-donating
and preferential formation of complexes of the sam@lialkylamino)/withdrawing (pyridine) substituents at
array chain-length was observed. Significant changes in theripheral positions. The porphyrina priori tend to
electro-optical properties of the porphyrin arrays were alsssemble in a one-dimensional fashion due to their
found upon complex formation due to an increased planari#yacking interactions, which can be further modulated by the
and overlap ofr-orbitals in the ladder structures compared toombination of peripheral substituents.
the independent oligomers. This was indicated by anincreased Harada and Kojima focused on developing new
splitting in the Q-bands and from a reduction in size dlinctional materials on the basis of distorted porphyrins,
their HOMO-LUMO gaps. Nonlinear optical characteristicsvhich can form unique curved surfaces rather than the
of the arrays apparently amplify with formation of thenormal planar structures [403]. They took advantage of
supramolecular strands. The double-stranded ladder comples curved surface of the dication of the saddle-distorted
with 4,4-bipyridyl exhibited an order of magnitude largemdodecaphenylporphyrin as a building block for novel
optical nonlinearity per macrocycle than the correspondinganochannels in order to construct redox-active functional
uncomplexed oligomers. DABCO-induced self-assembly ofiaterials based on porphyrin nanostructures, as shown in
trisporphyrin double decker cage was also demonstraetedfigure 47. This type of cationic porphyrin channel forms
Ballester, Hunter, and coworkers [392]. through concomitant hydrogen bonding andr interactions
Because porphyrin derivatives possess excellemd is promoted by double protonation, which in turn
electronic and photonic properties, functions related forms hydrogen bonding receptor sites,. Therefore, functional
photo-electronic properties have attracted many researchamslecules such as quinones can be included by non-covalent
Kuroda and coworkers reported porphyrin assembliggeractions into the channels. This could provide a new
containing 17 porphyrin molecules [393]. In their systenstrategy for porphyrin-based functional nanomaterials for
the photo-energy absorbed by the entire system could taggeting of novel photochemical devices in view of
effectively converted to emission by the single centrgdhotoinduced electron and energy transfer. They also reported
porphyrin. The central porphyrin has pyrazine arms, preparpreparation of porphyrin nanotube and inclusion of Mo-Oxo
through dimerization of carboxy groups, to coordinate thgusters [405].
zinc porphyrin dimers. Excitation of the central porphyrin  lonic self-assembly of two oppositely charged porphyrins
is enhanced directly by absorption by the antenna pigmeins aqueous solution for preparation of robust porphyrin
even in a large scale assembly such as this. Because of tlasotubes was reported by Shelnutt and coworkers (figfire
enhancement, the antenna effect for this system resulted406]. The porphyrin nanotubes were formed by mixing
77 times the fluorescence of the free central porphyrin. Prafjueous solutions of the two porphyrins. The porphyrin
reported wavelength-dependent electron and energy transfanotubes are micrometers in length and have diameters
in assemblies of ruthenium porphyrin and perylene bisimide the range of 50—-70 nm with approximately 20nm thick
[394]. Okada and Segawa reported sustituent-controlleglls. Images of the nanotubes serendipitously caught in
excitation in J-aggregated self-assembly of porphyringrtical orientations confirmed the open-ended hollow tubular
[395]. Supramolecular chiral memory was demonstrated &tructure. Controlling the dimensions of the nanotubes was
porphyrin assemblies as reported by Purrello and coworkexshieved by altering the structure of the porphyrin tectons.
[396]. Rella and coworkers demonstrated optical sensi@ne potentially useful property of the nanotubes is their
response for vapors using porphyrin/phthalocyanine hybrdbility to respond mechanically to light illumination. Even
thin films [397]. though they are stable for months when stored in the dark,
Materials preparation from porphyrin components hagradiation of a suspension of the tubes for just five minutes
also been researched. For example, Liu and cowork&ising the incandescent light from a projector lamp resulted
reported gel-formation and supramolecular chiralitin materials whose TEM images showed rod-like structures
induction [398]. Shinkai and coworkers have madeather than tubes. This response to light is reversible, since
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Figure 46. A packing model of porphyrin derivatives having hydrogen-bond-donating (carboxylic acid)/accepting (pyridine) substituents or
electron-donating (dialkylamino)/withdrawing (pyridine) substituents at peripheral positions.

Other research areas on porphyrin self-assemblies
are very active. Porphyrin wheels [409] and coiled-coil
aggregates of phthalocyanine derivatived1(q] were
demonstrated by Nolte and coworkers. They also reported
surface patterning using porphyrin trimers by self-assembly
and dewetting [411]. Wan presented preparation of
hollow nanoprisms of self-assembled porphyrins [412].
Hybridization of porphyrin assemblies with other functional
components such as fullerenes, polypeptides [413] or
single-walled carbon nanotube [414] has also been reported.

3.2. Fullerene and graphene

Fullerene structures that had been proposed for the first time
in 1970 by Osawa, [415] were actually detected during the
now famous mass spectroscopic measurements performed
by Curl, Kroto, and Smalley in 1985 [416]. Fullerenes and
their derivatives exhibit new and unusual properties that
have attracted much attention from scientists from various
backgrounds. In particular, the extraordinary electronic and
photonic properties of the fullerenes and their derivatives
include unique electrochemical and optical absorption
features in the excited state. By using self-assembly
together with covalent chemical modifications, various
functional fullerene structures and materials have been created
the tubes reform (self-heal) when left in the dark. Thpt17-427]. In this section, various kinds of fullerene assembly
same workers reported photocatalytic porphyrin nanotubasd fullerene materials are surveyed.

[406], photocatalytic self-metallization of porphyrin nanofiber  One of the most impressive discoveries for fullerene
bundles [407], and porphyrin nanosheets [408]. assembly could be formation of vesicle structures.

Figure 47. Novel nanochannels from the saddle-distorted
dodecaphenylporphyrin.
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Figure 48. Porphyrin nanotubes prepared by ionic self-assembly of two oppositely charged porphyrins.

Figure 49. Formation of bilayer vesicle structures composed entirely of fullerene derivatives.

Nakamura and coworkers [428] reported formation ofin the usual lipids, the rigid and well-defined structures
bilayer vesicle structures composed entirely of fullerersf the hydrophobic moiety possessed a dominant intrinsic
derivatives (figure 49). By appropriate substitution, geometric constraint, which may lead to vesicular structures
fullerenes can be transformed into stabilized anions thattwell-controlled design. The same research group developed
convert highly hydrophobic fullerene into an amphiphilefullerene apexes and their assembly into crystalline and liquid
Penta-substitution of fullerene with phenyl rings providesrystalline states [429-431].

a stable cyclopentadienide anion, resulting in a negative Vesicle formation through self-assembly of fullerene
charge in the 50-relectron system at the bottom of thederivatives has been reported by other research groups.
Cso Cage. The association behavior of the potassium shlbtably, Sano, Shinkai, and coworkers reported vesicle
of the pentaphenyl fullerene in water was studied by lastarmation by bola-amphiphilic fullerene and discussed
light-scattering and revealed formation of stable spherictieir fractal distribution within the self-assembled
vesicles with an average hydrodynamic radius and a radstsucture [432]. Shinkai and coworkers also reported
of gyration of about 17 nm at a very low critical aggregatioencapsulation of fullerene in an organogel [433]. Ciang
concentration. The fullerene-based vesicles had unigaed coworkers reported vesicle formation with an
features when compared with vesicles of conventional lipidsnphiphilic diphenylaminofullerene conjugate [434]. Li
such as phospholipids. In contrast to the soft alkyl chaim$ al investigated formation of self-assembled vesicles
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Figure 50. Lipid bilayer structures of syntheticsggmolecules with triple alkyl chains assembled on electrodes.

and encapsulation of pyrene [435]. Hirsch and coworkerk: 1 mixture of these two components onto a glass plate. The
developed fullerene-incorporated bilayer membranes atidcker of the entwined fibers formed had lengths of more
micelle assembly [436—439]. Nakashima and coworketisan 100 mm and widths of 250-500 nm, suggesting that the
developed supramolecular films such as bilayer cast filrdgopic calixarene host bound iteratively to the dumbbell
and Langmuir-Blodgett films with fullerene componentfullerene to create a two-dimensional nanonetwork. AFM
[440-446]. A Go molecule can potentially serve as storagenages of the sample cast on a mica plate also displayed the
for six electrons and could play an important role in storagenonetworks of fibrous assemblies with widths of 60-90 nm
of electron density in molecular electronics devices. Thend heights of 1.2-1.9nm. Judging from the calculated
stability of its reduction products ¢ anions) is strongly structure of the oligomers, the alkyl side chains have lengths
influenced by the surrounding environment including thef about 3.5nm, which is longer than the observed height.
nature of counter cations and their hydration state. THéis suggests that the alkyl chains adopt a structure parallel
same workers synthesizedsdCmolecules with triple alkyl to the mica surface, and that the nanoassemblies are probably
chains that could be self-assembled into cast films obmposed of bundles of 40-60 polymer chains created by
lipid bilayer structures on electrodes (figut®). Redox entanglement of the alkyl side chains through van der Waals
potential values and reduction currents can be controll@deractions.
by phase transition behavior of the lipid part. Below the Versatile fabrication methodologies for fullerene
phase transition temperatures, the lipid bilayer is in a rigiicrostructures through self-assembly processes are an
crystalline state and electron exchange between fullerene amgortant subject for the corresponding research fields.
electrode is effectively suppressed. Smooth redox behavideorgakilaset al reported preparation of different nanoscale
was observed above the phase transition temperatures wistnectures such as spheres, nanorods, and nanotubules
the fluid nature of the lipid membrane allows a facile electron water depending on the side chain appendage of
transfer between the fullerene and the electrode. Basedtha fullerene spheroid [448]. However, one of the most
this finding, design of devices which can convert therm@komising techniques for science and technology based
stimuli to electrochemical response is anticipated. on self-assembled materials would be a methodology to
Supramolecular interactions have also been used fuoeate freely various morphologies freemsingle compound
fullerene assembly. For example, Hairei al reported using a simple procedure, and this was recently realized
preparation of supramolecular polymeric nanonetworksy Nakanishi et al through research on microstructure
through molecular-recognition-directed  self-assembfprmation of a single fullerene molecule [449-451]. As
between a calix[5]arene and fullerene (fig&® [447]. The shown in figure52, the molecule used contains two distinct
interaction between calixarene and fullerene can lead portions, an sp2-carbon-rich fullerene moiety and a group
supramolecular polymer networks. The size and morphologgntaining sp3-carbon-rich aliphatic chains. These parts are
of the composite could be confirmed directly by SEMbvoth hydrophobic but show varying affinities for several
observation. A film was prepared by casting a solution of thelvents, resulting in different solvation behaviors for these
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Figure 51. Supramolecular polymeric nanonetworks between a calix[5]arene and fullerene.

two groups in solvents. When 1,4-dioxane was used 4%tnm determined from tapping-mode AFM corresponds
the self-assembly medium, the brown colored supernatdat the thickness of an alkyl-chain-interdigitated bilayer
contained self-assembled single bilayer disks (figb2€a)) structure of this fullerene derivative. This fullerene derivative
in its SEM image where the diameter of the disks waself-assembled into spherical vesicle-like aggregates with an
observed to be 0.2-1.5mm. The layer thicknesscaf average diameter of 250 nm in the 2-propanol/toluene solvent
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Figure 52. Microstructure formation of a single fullerene molecule from: (a) 1,4-dioxane; (b) 2-propanol/toluene; (c) 1-propanol;
(d) water/THF. © 2005, Royal Society of ChemistGhem. Commur{2005) 5982.

system (figuré&2(b)) as confirmed by SEM, and the presenaseedlelile precipitates are single-crystalline ¢oC fibers,
of an empty core and wall structure was confirmed by HRTEMe. whiskers of @ called ‘Gsy hanowhiskers’. Similarly,
observation. Use of 1-propanol resulted in one-dimensionanotube structures were obtained. Recently, they reported a
self-assembled fibers (figur62C) and bundles of thesesimilar preparation of nanoporous fullerene whiskers [475]
fibers with lengths of over 20 mm; these bundles appearadd size-tunable fullerene hexagons [476].
as partially twisted two-dimensional tapes in TEM images. Other examples of fullerene assemblies [477-484]
When this fullerene derivative was dispersed in an equimolaave been extensively reported, as well as preparation of
mixture of water/THF, a turbid brown-colored dispersion wagolymer composites [485—-491]. Fabrication of hollow carbon
obtained. SEM and TEM micrographs revealed cone-shapmahospheres from oxidized fullerenes [492] and fullerene
objects of sugmicron size (figures2D). Recently, the same nanoparticles by manual grinding [493] might also have
research group reported preparation of flower-like objedtsteresting implications.
[452] and their superhydrophobic properties [453] as well as Graphene molecules have received much attention
room temperature liquid fullerene [454]. as partial structures of nanocarbons such as carbon
Incorporation of fullerene molecules into usefuhanotubes and fullerenes. Synthetic analogues of graphene
structures is important for future applications. Liquid-liquichave been subjected to self-assembly [494-496], which
interfaces can act as nucleation sites for crystals and caight provide properties similar to true nanocarbons.
be used to produce gg crystals in unigue morphologies.Mllen and coworkers presented a novel method to induce
Miyazawa and coworkers used liquid-liquid interfaces iformation of an oriented assembly of columnar structures
their discovery of very fine needlelike crystalline precipitatesf hexa-peri-hexabenzocoronene (as graphene mimic) in a
of Cgo [455-476]. As shown in the optical micrographthin film form [497]. As depicted in figuré&4, deposition
in figure 53, long fibers of G with brownish, metallic of a hexa-peri-hexabenzocoronene (HBC) solution from
color and with diameters smaller than 1 mm were obtained. stationary nozzle onto a moving substrate produces
These fine fibers of § were quite stable even against demperature and concentration gradients that dictate uniaxial
concentrated electron beam, indicating electrical conductiamlumnar growth of the HBC molecules. The uniaxially
The needlelike crystal is a single crystal afy@s determined aligned high axial ratio columns have a single crystalline order
by electron diffraction patterns of selected areas. Thegeer several square centimeters, which could be observed by
observations clearly show that the submicrons diamet&FM. The film thickness was confirmed to be approximately

36



Sci. Technol. Adv. Mater9 (2008) 014109 Topical Review

Figure 53. Cgo nanowhiskers.

(0 -€«—— Stationary Nozzle

@ Moving Support

Figure 54. Deposition of hexa-peri-hexabenzocoronene solution from a stationary nozzle onto a moving substrate.

15nm and such wide area ordered films are very promising f@, chains and hydrophilic triethylene glycol chains in
application in high performance electronic devices where tla@ appropriate substitution pattern was prepared by Hill
charge transport channels are required to span the gap betwseteal in the realization of electrically conductive tubular
two electrodes. structures through self-assembly (fig&@A) [498]. Detailed
Amphiphilic hexa-peri-hexabenzocoronene derivativegvestigation by TEM revealed tubular structures that
have been developed by Fukushima, Aida, and coworkevere straight and discrete with no detectable branching,
for self-assembly as graphene tubes. A hexa-pdraving a uniform diameter of 20 nm. Although the intact
-hexabenzocoronene derivative containing hydropholigbe was essentially insulating, the tubular structure
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Figure 55. Hexa-peri-hexabenzocoronene derivative for self-assembled graphene tubes.

shaved a conducting current-voltage profile with an ohmicange from 20% to 100%, the CD spectrum of the suspension
behavior after oxidation with NOBF- Jin et al investigated remained almost unchanged, resulting in a sigmoidal response
chirality of the helical tubes assembled from similaof the CD intensity to the mixing ratio between (S)- and
hexa-peri-hexabenzocoronene derivatives containing chi(®)- enatiomers. Such a nonlinear phenomenon is referred
centers in the attached chains (figusBB and C) [499]. to as chirality amplification, where the major enantiomer
The tubular structures with right- and left-handed helicahcorporated into each tube determines the helical sense
senses were obtained from the (S)- and (R)-enantiomers(fajority rule). Yamamotoet al reported photoelectronic
the amphiphile, respectively. Even though the enantiomepcoperties of a coaxial tubular structure formed by controlled
excess of the chiral amphiphile was changed over a widelf-assembly of a trinitrofluorenone-appended HBC
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Figure 56. Photoresponsive discrete self-assembly using a hydrogen bond-directed cyclic hexamer (rosette) formed between melamine anc

barbituric acid derivatives.

amphiphile (figure55d) [500]. Current-voltage profiles of recombinationthereby enabling photo-conduction to occur
the tubes showed that the current was enhanced markealigng the tubes.

by a factor of>10* upon photo-irradiation. Photo-excitation
of the self-assembled HBC should result in the generation
of a charge-separated state involving radical cations andthis section, self-assemblies of small molecules, which
anions in the inner and outer layers of the tubes, respectiveliere not described above, are briefly summarized with a
This spatial separation of charge carriers prevents their ragidssification by mode of interaction. Hydrogen bonding
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Figure 57. Self-assembled dendritic Cu(l) pyrazolate complexes bearing long alkyl chains.

is a very useful interaction for design of self-assembled Metal-mediated coordination-type interactions have
structures, because it possesses clear directionality antkad to important contributions in research on self-assembly
medium strength. The latter characteristic is sometime$ low-molecular-weight objects. For example, Aida and
precious for dynamic control of assembly and disassemhldgworkers reported a novel photoluminescent ink for
processes. For example, Yagdial reported photoresponsiverewritable media that dichroically emits phosphorescence
self-assembly using a hydrogen-bond-directed cyclic hexanimcause of a structural bistability in the self-assembled
(rosette) formed between melamine and barbituric acidminophor [509]. They synthesized dendritic Cu(l)
derivatives (figuré6) [501,502]. In their system, azobenzeneyrazolate complexes carrying long alkyl chains (figer.
was selected as a photo-isomeric unit. The stability ¢feat-sensitie phosphorescent paper was fabricated by
the cyclic hexamer is high when the azobenzene in tleeating a white polyethylene terephthalate paper with the
melamine unit is in the trans form. The large structurdlu(l) complex containing a polymer support. The PET paper
change caused by azobenzene photo-isomerization from tréself emitted blue light. The coated paper thus obtained
to cis induced a clear decrease in complexation efficiendgoked white in daylight, whereas exposure to ultraviolet
The photo-regulatable complexation of the hexamer led light resulted in luminescent pink coloration. Images were
phototriggered formation of the rosette by irradiation of thdeveloped by using a facsimile-type thermal printer. Although
mixture of melamine and barbituric acid derivatives with ¢he images persisted for over a year without any deterioration,
selected wavelength of light. This strategy of photoregulatidhey could be readily blacked out in a minute on heating
of supramolecular assemblies with a desired functionalitp 100°C. On the other hand, when aged at°@5 the
may lead to novel types of smart nanomaterials. papers that were printed and blacked out were completely
Hydrogen bonding has been wused for othge-initialized for writing. The same research group used
self-assembled systems. Rovira and Veciana reported se#fif-assembled structures based on metallic interactions for
assembly of polychlorotriphenylmethyl radical derivativesontrol of physical properties including reversible RGB-color
substituted with six carboxylic acid groups for an investiswitching [510] and spin state switchingI[1].
gation of its ferromagnetic properties [503]. Shimizu Maeda et al demonstrated modification of micro-
and corworkers synthesized porous apohost structusteuctures of coordination polymer assemblies upon
through self-assembly of bis-urea macrocycles andodification of the ligand structures [512]. Complexation
evaluated their guest inclusion properties [504pf bisdipyrrin  (dipyrromethene) ligands with Zn(ll)
Hydrogen-bond-based supramolecular polymers wereions providing various coordination polymers. The use
fabricated through quadruplex-type self-assembly of mpm-type and pmptype ligands for coordination
ditopic guanosine macromonomers [505]. Fibrous nanwith Zn(ll) ions in THF resulted in the formation of
structures were found with hydrogen-bond-type seffubmicron-sized spherical structures ((a) and (b) in fig&e
assembly of bis(2,6-diacylaminopyridine) derivatives [506fespectively). Elemental mapping of the structure using
benzene-1,3,5-tricarboxamides [507], and pyromellitamidregh-resolution TEM energy dispersive x-ray (HRTEM-EDX)
[508]. analysis(inserted image in figur&8(a)) confirmed the
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Figure 58. SEM images of coordination polymer assemblies with various ligands: (a) with pmp-ligand from THF (inset: Zn mapping
HRTEM-EDX); (b) with mpm-ligand from THF (inset: fluorescence micrograph); (c) with mpm-ligand from THF/water (2/1); (d) with
mmm-ligand from THF/water (1/1) (inset: TEM image). © 2006, American Chemical Sodietyn. Chem. So428(2006) 10024.

uniform distribution of Zn(ll) ions in the former structure.Similar vesicle formation using amphiphilic calix[4]arenes

Uniform distribution of the complex within the structure wasis cyclic host compounds was reported by Mecozzi
illustrated using fluorescence micrographic imaging of trend coworkers [518]. Fabrication of nanostructures and
latter assembly (image inserted in figus8B). The use of supramolecular polymers with cyclic host units was also
mixtures of THF and water (2:1, v/v) instead of pure THHemonstrated using an amino-calix[5]arene by Cohen, Parisi,
afforded bell-shaped objects of the coordination polym@hd coworkers [519]. Other examples include a calix[6]arene
with the pmp-type ligand (figure58C). The structures by Rémita and coworkers [520], a bifunctional cyclodextrin

self-assembled from the mmm-type ligand and Zn(ll) ionY Harada and coworkers [521], and an arylene ethynylene

in 1:1 THF/water solution had an appearance similar fgacrocycle [522].
micron-scale golf balls (figurg8D). Self-assembly of various dye molecules has been

Many other coordination-type self-assemblies have be%}/estlgated because of potential photoelectronic applications.

. . . Meijer, Schenning, and coworkers constructed thin films
reported. Garca-Zarracino and Hopfl reported formatlocnOntainin type oligo (p-phenylenevinylene)s amdtype
of polymeric and trinuclear macrocyclic hybrids with gpyp g0 (p-pheny y yb

. p?rylenebisimides in a controlled morphology2B]. The
porous solid-state structures through self-assembly A . : .
) . ) . ms were prepared by spin-coating concentrated solutions
diorganotin(lV) oxides [513]. Lehn, Gtlich, and coworker prep Y Sp g

, i ) X _tontaining stacks of thep-type component (figuré9A),
described formation of molecular-grid-type hierarchic ixed aggregates (figu&9B), and the hydrogen-bonded p-n

self-assembled structures as  spintronic modules [S14]54 complexes (figur89C). Charge-transport measurements

Fabrication of colloidal nanoparticles [515] and crystalling, fie|d-effect transistors indicated unipolar charge transport.

rods was accomplished by Mirkin and coworkers [516].  \when p- andn-type building blocks were mixed, ambipolar
More ambiguous self-assembly based on solvophohi@ansport could be measured, but only in cases of aggregates

interactions involving uniqgue molecular modules was alswith an appropriate morphology.

extensively investigated. Kim and coworkers presented vesicle There are many other descriptions of research based on

formation from amphiphilic cucurbit[6]uril derivatives [517]. self-assembled structures and their functions [524-532].
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Figure 59. Thin films containingp-type oligo (p-phenylenevinylene)s anetype perylenebisimides in a controlled morphology: (A) stacks
of the p-type component; (B) mixed aggregates; (C) hydrogen-bonded p—n dyad complexes.

3.4. Polymers of their potential applications as, for example, electrochemical

] ] . _switches, electric devices, and sensors.
Polymeric materials are valued for their physical gim and Swager demonstrated the influence of structure
and mechanical strengths. Therefore, fabrication gf, the charge- and energy-transport properties of conjugated
structure-defined structures based on moIecuIarIy—engineef)@]i),merS (figures0) [533]. The polymer they used consisted
polymers has become an important subject of researchgf two building blocks. In the figure, the block shown
supramolecular chemistry, especially from the viewpoirt |eft contains hydrophobic dioctylamide groups and is
of practical applications. In particular, self-assemblgxpected to display a face-on orientation with its phenyl
of conductive polymers is an attractive target for thgroups’ co-facial to the air-water interface. The other block
development of novel photoelectronic properties. IRas hydrophobic and hydrophilic groups and is inclined
corresponding research, control of alignment and orientati@ward an edge-on structure with the p-plane normal to the
is a key subject because effective conjugation length airderface. Surface pressure—molecular areaX)risotherms
anisotropic photoelectronic properties depend significantéynd spectroscopic changes during compression and expansion
on these features. Oriented polymers and/or polymeycles are completely reversible. The molecular area observed
nanostructures have attracted a great deal of attention becanghe isotherms indicated that the monolayer of this polymer
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sheet morphologies. This approach could be more generally
(A) applicable to polymers bearing coordinating moieties.

Akagi and coworkers have developed strategies for
controlled alignment of conductive polymers as summarized
in a recent review [535]. If the polymers used contain
a substituent mesomorphic group, the polymer is not
only soluble in organic solvents, but can be also easily
aligned by spontaneous orientation of the liquid-crystalline

N group. Furthermore, it could be macroscopically aligned
co 0 using external perturbation, such as shear stress or an
_(_/_Q — /_\Q — electromagnetic field. Thus, monodomain structures of
NZ >:/ o the liquid crystalline phase could be constructed at the

8 E macroscopic level. Because of this the polymer should
exhibit a higher electrical conductivity, relative to those
E with random orientation. At the same time, the molecular
g

orientation and hence the electrical conductivity of the
polymers can be controlled using an external force.
0 Figure 62 schematically illustrates spontaneous orientation
and externally-stimulated macroscopic alignment of side
(B) chain type liquid-crystalline-conjugated polymers, where the
former and the latter generate multiple and mono domains of

liquid-crystalline phases, respectively [545-549].

Apart from the above-mentioned examples,
self-assembly of conjugated polymers has been widely
studied- [545-549]. Additionally, other uniquely structured

N 5 polymers and oligomers have also been studied with respect
:CO ” /:< to their self-assembling abilities5$0, 551]. Among them
o \ /)= ¥ dendrimers make attractive structural units because the shape
y >—/ of the dendron units is relatively inflexible when compared
i O with freely extending conventional polymers. Exemplary
work has been presented in pioneering research by Percec
and coworkers [552]. Recently, they reported self-assembly
of semifluorinated dendrons attached through a flexible
spacer to an electron-donor, which induced p-stacking of the
donors in the center of a supramolecular helical pyramidal
column. These structures self-organize into a variety of
Figure 60. Langmuir monolayer of synthetic conjugated polymersColumnar liquid crystal phases; these crystal phases mediate
(A) face-on conformation; (B) zipper conformation. self-processing of large monocrystalline mesophase domains
with capability to self-repair their intracolumnar structural

adopts a face-on conformation (figuBA) at low pressures defects. Cheet al studied the self-assembly of amphiphilic
and a zipper conformation (figui@0B) in states of greater dendrons extended with linear polyethylene oxide chains and
compression. their ion complexes [553]. Sinaesingle compoungdossessed
Control of polymer structure using small porphyrirseveral mesophases, correlations could be made between
oligomers has been reported recently as shown in figare charge transport, mechanical properties and structure.
Takeuchi, Shinkai, and coworkers reported that order&glf-assembly of dendrimers with pentafluorophenyl units
structures constructed using porphyrin oligomers as #t&s reported by Milen and coworkers [554]. Self-assembly of
aligner molecule of conjugated polymers could be efficient§endron-rod-coil molecules into ribbon-like one-dimensional
converted into the corresponding poly-pseudo-rotaxaftfuctures was demonstrated by Stupp and coworkers [555].
structures by the template-assisted ring-closing olefsfoddart and coworkers reported reversible control over the
metathesis of olefinic groups at the peripheral positioslf-assembled structure of dendronized polyacetylenes based
of the aligner molecule [534]. They prepared solution-casn acid-base interactionS$6].
films from the thus-formed complex on a transition Formation of vesicle structures by self-assembly of
electron microscopy (TEM) grid without staining. Thepolymeric materials has also been investigated. Well-designed
TEM micrograph indicated the presence of immobilizepgeptides can act as amphiphilic components of polymer
assemblies aggregated as micrometer-size crystalline sheesicles. Bellomoet al reported the self-assembly of
with a multi-lamellar morphology with 2.0 and 0.2nmdiblock copolypeptides into spherical vesicles whose
periodicities. The ring-closing olefin metathesis reaction ditiicron-scale diameter and structure are dictated primarily
not affect the periodicities or the resultant two-dimensionaly the ordered conformations of the polymer segments

43



Sci. Technol. Adv. Mater9 (2008) 014109 Topical Review

0 > )= =4 /0

Figure 61. Control of polymer orientation using small porphyrin oligomers.

[557]. As shown in figure63, the polymer used containssurface active polyion complex reduces the surface tension
oligo (ethyleneoxide)-terminated lysine sequences abdtween water and chloroform, and fusion of the stabilized
leucine-lysine copolymer as hydrophilic and hydrophobiwater droplets is prevented. The droplets are either dragged
domains, respectively. In the latter, hydrophilic anéhto solution by convection or keep floating on the solution
electrostatic properties of the lysine residues could Isarface. Further evaporation of the chloroform solution
tuned by varying pH. Protonation of the lysine residues in tifacilitates condensation of water, resulting in hexagonal
polypeptide chain considerably enhances their hydrophilicipacking of the water droplets at the solution-air-substrate
with a concurrent destabilization, caused by electrostatitree-phase line by capillary force. The three-phase line
repulsion, of the a-helical structure of the leucine-ricmoves over the array of water droplets, leaving behind
domain. A helix-to-coil conformational transition induced byrdered water droplets with polymer between them. The water
protonation of the lysine groups also destabilizes the vesicukwaporates and finally leaves a honeycomb-like structure.
assembly, leading to porous membranes. Leakage of trapped
mate_ri_als within the vesicle core was mirjimi_zed u_nder basiCs Biomolecules
conditions. However, at lower pH, a rapid disruption of the
vesicle membranes occurred with release of the trappl®eny of the sophisticated structures present in biological
molecules. systems are constructed through self-assembly of their
Fabrication of vesicle and capsule structures [558-562pnstituent molecules including lipids, saccharides, peptides,
tubes [563], fibers and rods 564, 565] and porous proteins, and nucleic acids. Therefore, biomolecules are
structures [566—568] using polymeric structural units has beeseful for formation of self-assembled structures. Structures
extensively reported. Amongst these a unique example is g@f-assembled from such biomimicking molecules, or
fabrication of honeycomb structures developed by Shimomuram biomolecules themselves, have been also investigated
and coworkers [569-572]. They proposed a method ffs73-576].
creation of ordered patterns of polymeric materials in Among the biomolecules, peptides are probably the
honeycomb-like structures by a simple solution-casting of thest understood with respect to their synthesis, structure,
organic substances onto solid substrates. Figdrustrates and properties. Therefore, research on self-assemblies
schematically the mechanism of formation of the honeycomising peptide components is well developed. Stupp
structure made from a polyion complex. Evaporation of thend coworkers developed supramolecular nanostructures
solvent from a droplet of a chloroform solution of the polyiorirom peptide-amphiphiles with function-oriented designs
complex induces a cooling of the solution, which allowgfigure 65) [577]. A hydrophobic hexadecanoyl tail was
water droplets to condense onto the chloroform solution. Th@roduced at the N-terminus of a tetracysteine that can
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Deming and coworkers synthesized diblock
copolypeptide  amphiphiles containing charged and
hydrophobic segments [578]. Their gelation behavior
depended not only on the amphiphilic nature of the
polypeptides but also on chain conformations, iehelix,
B-strand or random coil. The same research group prepared
vesicles composed of polyarginine and polyleucine segments
that were stable in solution, could entrap water soluble
species, or could be processed to different sizes and prepared
in large quantities [579]. Morikawa and Kimizuka reported
spatially controlled self-assembly of gold nanoparticles
encased in a-helical polypeptide nanospheres [580]. Pochan,
Schneider, and coworkers fabricatgdheet fibrils exhibiting
a non-twisted, stacked morphology [581]. Hentschel

and Borner reported self-assembly of a polymer-peptide
a 0 ' conjugate comprising a sequence-defined polypeptide

Multidomain

and a poly(n-butyl acrylate) in organic media and found
transformation of helical structures into superhelices [582].

\ Higashi and coworkers reported a novel, programmable,
2 2 ) molecular self-assembling system for fabrication of
J OO0 shape-specific,  three-dimensional nanoarchitectures,
= ' 1 . using three types of simple 16-mer peptides consisting
“ 1 of hydrophobic Leu and hydrophilic Lys [583]. Oda and

sﬁontaheoué coworkers have been investigating self-assembly behavior
~ Orientation ( of gemini-amphiphiles and recently reported formation

¢ ¢ 9 Monodomain of twisted and helical ribbon structures based on the

with External Force interpeptidic -sheet structure of gemini-oligoalanine [584].

Nilssonet al researched interactions between polythiophene
derivatives with synthetic peptides, where conformation
and optical properties of the polythiophene conjugated
polymer can be regulate&§5,586]. Pochan, Schneider, and
coworkers developed a simple light-activated hydrogelation
system that employs a designed peptide whose ability
to self-assemble into a hydrogel material depends on its
intramolecular folded conformational state [587]. Matsuzawa
et al prepared a molecular system capable of organizing
and dispersing upon exposure to different wavelengths of
Figure 62. Spontaneous orientation and externally-forced light by using an azobenzene derivative containing three
m%oggggu;“egggﬁnﬁ;g{eﬂd;ofyhnigéype valyl units [588]. Because of their biological importance,
self-assembly of amyloid fibrils and their analogues has been
investigated by several groups [589-592]. Formation of gels
form reversibly cross-linked structures upon redox reactio[593] and nanotubes [594-598] has been reported as well
Triglycine and phosphorylated serine were connected formation of peptide-containing inorganic structures by
sequentially at the C-terminal position of the tetracysteingomineralization [599600]. Larger protein structural units
residue. These residues play the roles of spacer and calciy&e also been subjected to self-assembly forming nanotubes
ion host, respectively. Finally, a cell adhesive sequengg0i], nanowires and fibers [602—604], and nanorings [605].
(RGD, Arg-Gly-Asp) was introduced at the end of theao et al proposed the use of virus assembly for the
oligopeptide. At lower pHgpH < 4), an aqueous solution of preparation of one-dimensional inorganic structures [606].
this amphiphilic peptide attains a gel-like structure containing Nucleic acids and their bases are also good candidates
fibrils with a diameter of 6-7nm and lengths of severdbr formation of self-assembled structures because they can
micrometers. Increasing the pH to approximate neutralie involved in very specific hydrogen bonding interactions.
induced dissolution of the fibers, although dissolution coulds structures self-assembled from simple molecular units,
be suppressed by oxidative cross-linking of the cysteindmizuka and coworkers have recently found dynamic
residues. In addition, hydroxyapatite crystals could be growranowire formation through self-assembly of adenosine
in the presence of these peptide fibers and the composiigishosphate (ATP) and dichloro-substituted thiacarbocyanine
obtained can be regarded as analogues of the comptiyes (figure66) [607]. An immediate color change from
structures in collagen fibrils containing hydroxyapatite ipink to orange was observed upon addition of ATP to
naturally occurring systems. an aqueous solution of the thiacarbocyanine dye. Circular
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Figure 63. Self-assembly of diblock copolypeptides into spherical vesicles.
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Figure 64. Mechanism for the formation of the honeycomb structure made from a polyion complex.

dichroism (CD) spectra revealed intense peaks at 423 nohromophores,where the formation of parallel-oriented
(positive) and 475nm (negative) that were assigned to tbheromophores (H-aggregates) can be inferred from the
absorption band of achiral chromospheres, and indicating tigectral blue shift to 463 nm. Observation by TEM revealed
appearance of induced circular dichroism (ICD). This ICDanowires with a minimum width of~ 10nm and lengths
pattern is indicative of excitonic interactions among multiplef several micrometers. Upon heating, the peak intensity
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Figure 66. Dynamic nanowire formations through self-assembly of adenosine triphosphate (ATP) and dichloro-substituted
thiacarbocyanine dyes.

of the H-aggregates gradually decreased until the peagsemblieswas proposed by Ding and Seeman [609].
due to monomeric absorption at 546 nm was obtained. At their system, a robotic arm composed of DNA can
55°C, nanowires could not be observed in TEM imagesotate on a two-dimensional crystal of a DNA array.
Upon cooling the dispersion below 4@, a high yield of Self-assembly based on similar concepts has become an
nanowires with regular width of~40nm was obtained. attractive goal for many researchers since custom synthesis
Therefore, nanowire formation can be dynamically controllesf the desired DNA sequences can be now performed
with thermal stimuli; this suggests that molecular orderingith ease [610-612]. One example was recently reported
in supramolecular assemblies may be enhanced by therdapl Matsuura and coworkers who successfully prepared a
control. nanocage using DNA three-way junctions formed from

The highly specific complementary base-pairing dhree 30-mer oligonucleotides that contain single-chained
nucleic acids, variously DNA or RNA, permits them to storself-complementary sticky ends (figué¥) [613]. Absence
and transmit biological information. This unique propertpf defects such as the single and double strand end
can be used for programmed formation of nanostructurstuctures from the spherical nanoassemblies was indicated by
and microstructures and has been summarized in a recext- and endo-nuclease digestion experiments, and provided
review by Seeman and Lukeman [608]. Not only structuralidence for the closed nanocage structure. Very recently,
formation but also the operation of molecular mechanictiey developed a similar concept using artificigi€§ymmetric
devices, i.e. nanorobots, based on programmed DNxeptide conjugates [614].
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the gate of a floating quantum dot gate transistor for multilevel
logic capable of room temperature operation.

Self-assembly of inorganic particles within the pores of
mesoporous materials is similar to the previous example in
that inorganic particles are assembled through confinement
in nanosized spaces. Petridis and coworkers entrapped
magnetic particles in pores of MCM-41 mesoporous
silica [619]. Propionic acid vapor was chemisorbed into
an iron-impregnated MCM-41 so that iron-carboxylate
species were formed through interaction of the propionic
acid vapors with iron atoms entrapped in the MCM-41.
Subsequent pyrolysis gave rise to—Fe0Os; particles.
Huang, Corrigan, and coworkers demonstrated synthesis of
copper-tellurate (CiTe) nanoparticles within a mesoporous
system [620]. Fukuokat al synthesized bimetallic nanowires
Figure 67. Nanocage formation from DNA three-way junctions ~and nanonecklace with high aspect ratios in one-dimensional

A reeceTeAGE

formed from three 30-mer oligonucleotides that contain channels of ordered mesoporous organosilica [621].

single-chained self-complementary 'sticky’ ends. Surface modification of colloidal particles with
appropriate supramolecular elements can induce controlled

3.6. Inorganic substances assembly of colloidal particles in bulk solution. Bhatia and

i Wi I ) . | Icoworkers reported logic operations in the self-aggregation
Because self-assembly is usually driven by intermoleculgf g nerparamagnetic 5@, nanoparticles for two inputs

interactions such as hydrogen bonding and coordinatiafysqciated with cancer invasion (MMP2 and MMP7) [622].
one might think that the scope of self-assembling processgs ustrated in figure69, the FgO, nanoparticles were

is limited to organic compounds or biological m°|eCU|e§:lesigned to coalesce in response to logical AND or OR
However, inorganic substances such as colloidal particlesgpctions. Polymers were linked to each particle using

nanocarbons can be self-assembled through the mediationQfyue protease substrates so that assembly could occur
organic interactions and physical interactions such as capillgfyly in the presence of both enzymes (AND logic gate).
force. In this section, self-assembly of inorganic substancessgrthermore, actuation of assembly in the presence of either
briefly outlined. or both of the enzyme inputs (OR logic gate) was achieved
Self-assembly of colloidal nanoparticles has been wal, anchoring polymers to only the ligand nanoparticles
researched and there are several excellent reviews availabié, a tandem peptide substrate (containing both enzyme
[615, 616]. Therefore, only the unusual aspects of thigeavage motifs in series). Web and coworkers created vesicle
research topic are described here. Arrays of inorganic particlgsgregates that were susceptible to external magnetic fields
can be created from self-assembled structures of biomaterighs. cross-linking the vesicles with magnetite nanoparticles
For example, Yamashita and coworkers demonstrated useat¥bugh Cu-mediated interaction (figuré) [623]. Patterned
a biomolecular array for structure transcription (fig@i® assemblies of vesicles with potential bionanotechnological
[617,618]. Ferritin, which is composed of 24 self-assembledpplications could be obtained through magnetospatial
peptide subunits and capable of including iron oxide, waganipulation of different populations of vesicle aggregates.
assembled as a Langmuir monolayer then transferred ontReéversibility of cross-linking of the vesicles by magnetic
hydrophobized silicon substrate forming a two-dimensionghnoparticles was designed into the system by using multiple
hexagonal array of ferritin. Organic components were themeak interactions to link the vesicle and nanoparticle
destroyed through UV/ozone treatment, which was followeslirfaces.
by heat treatment under hydrogen leaving iron particles Colloid assemblies often provide regular crystal-like
with diameters less than 6nm arranged in a hexagormtays, which can lead to potential optical applications. For
arrangement. Supramolecular arrays prepared from inorgaekample, Furumiet al presented a new potential use of
substances can be used for device preparation, for instancehigh-quality colloidal crystal films for low-threshold laser

Ferritin
; Iron Nano-Dot Array

UV-Ozon
Treatment

Figure 68. Iron nanodot array synthesized from Langmuir monolayer of ferritin.
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Poly(ethylene glycol) shells, the emulsion droplets were transferred to a fresh
2 _ continuous-phase fluid identical with that contained inside the
Fe;0, Nanoparticle droplets. The resultant structures, called ‘colloidosomes,’ are

hollow, elastic shells whose permeability and elasticity can
be precisely controlled. Apart from colloidsomes [626—628],
self-assemblyand related processes provide variously shaped
MMP2 Substrate  iNOrganic objects such as tubular structures [6880],
nanosheets [631-633], nanodiscs [634], microribbons [635],

3 : / nanowires [636,637], porous structures [638], and others
C\J [639, 640].
_ Similarly to the fullerene self-assemblies that were

MMP7 Substrate

| “Biotin
_ described in a previous section, assembled structures of
—>|— nanocarbons have become an important subject in materials
e, |AND research. In particular, the volume of research performed
MMP7 MMP2 i |(A) : .
Logic gate based on self-assembly of carbon nanotubes for material

preparation has increased rapidly. Although many approaches
have been reported [641-646], only one example based on a
well-known supramolecular concept is here described. Harada
and coworkers demonstrated a novel chemically responsive
supramolecular single-walled carbon nanotube (SWNT)
hydrogel by using soluble cyclodextrin-functionalized
SWNTs [647]. Since cyclodextrin has a high solubility in
water, water-soluble SWNTs carrying cyclodextrins were
obtained by usingr— interaction between pyrene modified
& [OR B) B-cyclodextrins and SWNTSs. Cyclodextrin forms host—guest
‘—* <—@R  |Logic Gate complexes with a variety of guest compounds, so that the
vacant cyclodextrin cavities surrounding the SWNTswere
capable of capturing guest molecules at the SWNT surface.
As illustrated in figure73, following host—guest interactions
with polymers carrying guest moieties, supramolecular

# " SWNT hydrogels could be fabricated.
= ! __’Q 4. Self-assembly at interfaces
Objects self-assembled in solution are often invisible
making solid state device preparation inconvenient.

Therefore, self-assembly at an interface, which immobilizes
supramolecular objects on defined surfaces, should be

Self-Assembly

—_

Figure 69. Logic operations of self-aggregation of important with respect to practical applications. Additionally,
superparamagnetic §®, nanoparticles two inputs associated with Self-assembling processes at interfaces have different
cancer invasion (MMP2 and MMP7). characteristics from those observed in bulk phases. Research

on self-assembly at interfaces has now become a separate

applications by optical excitation [624]. Figui®l shavs a research field. In the following section, we have summarized
schematic illustration of the colloidal crystal laser deviceesearch on self-assemblies at interfaces.
structure. Highly efficient laser-feedback occurs when a
Iight—emitting ponmgr layer is introduced between a paif 1. Langmuir-blodgett films
of colloidal crystal films as a planar defect because of the
photonic band-gap effect in colloidal crystal films. Theyrhe air-water interface provides a unique hetero-dielectric
demonstrated operation of a flexible colloidal crystal las@nvironment where two phases having totally opposite
device constructed of all-polymer materials. dielectric constants are in contact. On the other hand, this

Self-assembled structures of colloidal particles provideterfacial space possesses a molecularly flat plane albeit
various micro-objects with specific shapes. Dinsmeteal in a dynamic state. Therefore, the nature of self-assembly
proposed an approach for fabrication of solid capsules fropnocesses at the air-water interface should be atypical.
colloidal paricles with precise control of size, permeabilityResulting self-assembled structures can be immobilized
mechanical strength, and compatibility [625]. As illustratetly using the Langmuir-Blodgett (LB) technique. As
in figure 72, capsules were fabricated by the self-assemtdghematically illustrated in figuré4, LB films are prepared
of colloidal particles onto the interface of emulsion dropletshrough layer-by-layer transfer of monolayer structures spread
Following ‘locking’ together of the particles to form elasticon liquid surface such as the air—water interface.
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Figure 70. Vesicle aggregates cross-linked by magnetite nanopatrticles through Cu-mediated interaction.
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Figure 71. A colloidal crystal laser device. . . .
Figure 72. Formation of colloidosome.

A_ssembly between monolayer components and gue%\E{enosinariphosphate (ATP) are in the range of®1Q0
matena_1|§ from the_aqueous_ subphase, i.e. m?'ecu f1 (figure 75C), much greater than that reported for
recognition at the air-water interface [648-653], is ON& snomeric species in water (1.4 figure 75A). Binding

of the most important research topics in this field,qngtants of AMP to the guanidinium functionality in aqueous
Efficiency of molecular recognition occurring at the a'r_Wateéggregates such as micelles or bilayer vesicles are found
interface is generally greatly enhanced compared to thatihe range 19-10*M-1. These values are significantly
observed in bulk aqueous solution, was and this hgger than that between molecularly-dispersed guanidinium
been demonstrated in the following examples. As depictg@ld phosphate in water, but are also much smaller than
in figure 75, phosphate functionality was recognized byhose observed at the air-water interface. The magnitude of
guanidinium groups embedded at the water surface througiding constants should be related to the type of interface.
both electrostatic interaction and hydrogen bonding [654akurai and coworkers proposed application of a quantum
Kunitake and coworkers investigated the strength of bindirgemical calculation to molecular recognition at the air—water
for this recognition pair. Binding constants for aqueouisiterface [655—657]. Calculations were performed based on a
phosphates such as adenosine monophosphate (AMP) andti-dielectric model for the guanidinium-phosphate system
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Figure 73. Supramolecular single-walled carbon nanotube hydrogels based on guest inclusion of attached cyclodextrin.

situatedat an interface. This series of calculations revealed As shown in the examples in figuré6, recognition
that, even when the binding sites are located near a non-paér various biomaterials through hydrogen bonding
phase and are exposed to the aqueous phase, the ion comipdesx been demonstrated by Kunitake and coworkers.
can be stabilized. This indicates that absence of water Riaminotriazine-functionalized amphiphile  monolayers
the binding sites is not always necessary for efficient guesmtd thymine derivatives can form a complementary hydrogen
binding through hydrogen bonding. bond pair (figure/6A) [658]. The observed binding constant
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Figure 74. Langmuir—Blodgett (LB) film.

(ca.300M™1) corresponds roughly to that for similar
binding combinations in aprotic organic solvents. Similarly
amphiphilic orotate recognizes adenine at the air—wate
interface (figure76B) where guest binding cooperativity
could be detected [659]. Conceivably, stacking of the
bound adenine molecules accelerates the binding, and tlc,
can be seen as an artificial mimic of the base stacking i

the double-helix formation of DNA. Recognition at the

air—water interface provides median excellent mediun |
for multi-point binding as seen in the recognition of ‘ D ‘\\“‘\ K =106 - 107 M-
ATP (figure 76C) [660, 661]. Mixed host components ¢'J - e ) AG = 34 - 42 kJ mol!
spontaneously assembled into the optimized structure fc Q (" ]
aqueous guest recognition. Multi-point molecular recognition
was also demonstrated in a binary system, involvirfggure 75. Binding constant between phosphate and guanidinium
recognition of flavin mononucleotide (FMN) by mixedat (A) molecular interface, (B) mesoscopic interface,
monolayers of dialkylmelamine and monoalkyl guanidiniurf"d (€) macroscopic interface.
where reasonably efficient with a binding constant of more
than 16 M1 [662]. A ternary recognition system was alsgaccharides [679-687], and others [6889]. However, most
similarly designed as shown in figuré(d). A single molecule Of these examples do not utilize one critical feature of
of flavin adenine dinucleotide (FAD) possesses the potenttAp air-water interface, its dynamic nature. In biological
to bind two guanidinium molecules at phosphate groupSystems, very sophisticated control of signal response based
one orotate molecule at adenine sites, and diaminotriazi®ie molecular recognition may result from dynamic processes,
at an isoalloxiazine ring [663]. Great effort in the synthesignd they could be mimicked and applied for the preparation
of complicated covalently-linked host compounds, which igf artificial devices. From these points of view, effects of
often an obstacle in research on molecular recognition, dgnamism of the monolayer structures at the air—water
not required for formation of multi-point recognition sites irinterface on molecular recognition should be more seriously
mixed monolayer. considered [690]. Recent examples from the authors’ group
Kunitake and coworkers have made systematic studiees briefly summarized below. The first example, shown
on recognition of aqueous peptides using single-componétfigure 78, involves monolayers of a steroid cyclophane,
or mixed monolayers of variously functionalized amphiphileghich contains a 1,6,20,25-tetraaza[6.1.6.1]-paracyclophane
[664—668]. An examples is shown in figui® where an cyclic core connected to four steroid moieties (cholic
aqueous dipeptide (GlyLeu) was bound at a binding si@gid) through a flexible L-lysine spacer [691-694].
dynamically formed from a GlyVal-functionalized amphiphiléThe steroid cyclophane was reported to exhibit large
and a benzoic acid amphiphile. Infrared data suggesteinding constants for aqueous naphthalene guests such
that the guest GlyLeu forms mainly a COOH dimer at it8s 6-(p-toluidino)naphthalene-2-sulfonate (TNS) in a 1:1
C-terminal with the benzoic acid group of the host benzoisoichiometry, while the corresponding cyclophane lacking
acid amphiphile. The hydrophobic part of the monolaydhe steroidal residues only weakly binds this guest. Therefore,
accommodated the hydrophobic side chain of GlyLeu. Ritainment of a cavity conformation is essential for efficient
addition, a stable antiparallel-gheet-type hydrogen bondedmolecular recognition as illustrated in figur8. Compression
structure is formed with the surrounding dipeptide moieties ahd expansion of the monolayer induces reversible formation
the host GlyVal-functionalized amphiphile. of the cavity conformation and results in reversible binding
The air—water interface has been also used for recognititg@pture and release) of the aqueous fluorescent guest TNS.
of various aqueous guest molecules including nucleic Chiral recognition is another important topic in molecular
acids, their bases, nucleosides, and nucleotides [669-678f0gnition. The air-water interface has been also used for
barbituric acid and related derivatives [674—678], amino acidsjiral recognition within membrane components [695—700]
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Figure 76. Molecular recognition of various biomaterials through hydrogen bonding at the air—water interface: (a) thymine; (b) adenine;
(c) ATP; (d) FAD.

and/or between amphiphile and aqueous guests [701-708bdes within size-constrained systems. For example, dye
Mechanical control of chiral recognition was recentlyassembly in monolayers can be easily evaluated using
achieved using the novel concept of molecular twistingpecific spectral shifts, which can be useful for sensor
as shown in figure79A, where an octacoordinate sodiunapplications. If aggregation of porphyrin molecules is
complex of a polycholesteryl-substituted cyclen embeddedaintrolled by guest binding at the air—water interface,
the air—water interface was used as a molecular host [708pectral shifts upon porphyrin aggregation can result
Helicity of the two possible quadruple helicate structuréa colorimetric reporting of analytes. This idea was
of this complex is influenced by chirality of the side armsealized by Arigaet al for halide anion sensing using
especially when ordered or aggregated at the supramolecalarLangmuir monolayer of an N-confused porphyrin,
level. Compression and expansion of the monolayer of tB¢10,15,20-tetraphenyl-2-aza-21-carbaporphyrin (N-confused
cholesteryl-substituted cyclen complex induced particuléetraphenylporphyrin, NC-TPP) [710]. NC-TPP in a matrix
changes in the helix structure and there was a consequernolayer with methyl octadecanoate on aqueous sodium
alteration of the diastereomeric stability of complexes withalides were analyzed using UV-vis spectroscopy. On aqueous
guest molecules. The binding constant for L-leucine iNal, the monolayer contained a distinct peak at around
always smaller than that of, D-leucine indicating that th&65nm, while others gave suppressed peaks with maxima
cyclen monolayers have a weaker interaction with L-leucire# around 420-430nm. The red-shifted absorption band
(figure 79B). Conversely, the binding constant of L-valinebtained from the NC-TPP monolayer on aqueous Nal
is smaller than that of D-valine at low surface pressuiadicated that NC-TPP forms J aggregates on binding of
but exceeds it at 22-23mNth Thus, upon monolayer iodide ions. H aggregates were formed with the other halide
compression chiral recognition of valine sterecisomers by ti@ns (fluoride, chloride, and bromide) and in the absence
cyclen monolayer reverses from the D- to L-form. Becaus# anions. A plausible mechanism is shown in figg@.
chiral selection is one of the major mysteries in biologicdbdide anions in the subphase specifically induce red shifts
processes, alteration of chiral selection based on a simpiethe UV-vis spectra upon J-aggregate formation of the
mechanical stimulus is surprising. NC-TPP molecules embedded in the lipid matrix. In contrast,
Monolayers and LB films are appropriate medighe NC-TPP monolayer tends to form H aggregates in the
for investigation of molecular orientation and assemblgresence of the other halogen ions and it was also noted that
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the NC-TPP molecules was not changed. Stabilization of the
J-aggregate structure may be due to the size of the bound
iodide ions, probably resulting in stable binding of said ions
to the film.

The LB technique can also provide facile contact of
functional thin films onto device surfaces allowing, for
example, speculation on sensor applications [711-713].
For example, Miyahara and Kurihara synthesized a novel
electroconductive amphiphile functionalized with a boronic
acid which could be incorporated into an LB film at
an electrode (figure81) [714]. Subsequent doping of the
monolayer with iodine made the corresponding amphiphilic
component conductive. Electrochemical measurements then
confirmed that selective binding of a sugar derivative to the
LB monolayer occurred. Conducting molecules containing a
binding site can operate as molecular wires with a connecting
terminal. Because of the great variety in composition and
construction of self-assemblies this strategy should open up
various possibilities for the design of well-defined molecular
sensing systems. Immobilization of proteins as molecular thin
films using the LB technique is also an attractive approach,
although proteins sometimes suffer denaturation caused by
the high surface tension at an air—water surface. Okatath
prepared a lipid-coated enzyme (GOD, glucose oxidase) that
could be obtained as a precipitate by mixing aqueous solutions
of the enzyme and lipid, and transferred their monolayers onto
a Pt electrode [715/16]. Denaturation of the proteins even
Figure 77. Recognition of agueous peptides by mixed monolayersy the air—water interface was prevented by covering GOD

with lipids. The electrode obtained was used in amperometric
at pH 11 free-base NC-TPP forms a J-aggregate structurgeasurements as a glucose sensor (figdje
Selection of halogen ions was also permitted by transfer The air—water interface promotes formation of
of these monolayers onto a solid surface. While looseflynamically assembled structures from component
bound fluoride, chloride, and bromide ions were detachedblecules. For example, Talham and coworkers reported
from NC-TPP so that it transformed to the stable free-baf@mation of a nickel-iron cyanide grid network at the
accompanied by J-aggregate formation, iodide ions wesig—water interface (figur83) [717,718]. They synthesized
accommodated during transfer and the assembly modeaofcyanide ligand-containing amphiphilic octahedral iron
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Figure 78. Dynamic molecular recognition of aqueous guests by monolayers of a steroid cyclophane. © 2006, Royal Society of Chemistry,

Soft Matter2 (2006) 465.
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Figure 80. Aggregate-based anion recognition by N-confused porphyrin monolayer.

compl. Langmuir monolayers of this complex withsamplewithin field. In another unique example, construction
aqueous nickel ions contained in the subphase resul@fda box structure was achieved through self-assembly of
in the formation of coordinate covalent networks. Thamphiphilic ligands with end-capped Pd(Il) components in
square grid nickel-iron cyanide network arises fronthe presence of arod-like guest as a template as demonstrated
the 90 bond angles about the iron cyanide compleRy Aoyagi et al, who used a hydrophobic terpyridine
where the amphiphilic dialkylaminopyridine confined thelerivative together with a biphenyl-type guest bearing
square grid network. Magnetic measurements indicatedaalong alkyl chain (figure84) [719]. Upon coordination
ferromagnetically ordered state below 8K; the magnetigith the end-capped Pd(Il), a nanobox assembly structure
behavior was strongly dependent on the orientation of tias obtained at the air—water interface. The relationship
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Figure 81. Sensor for sugar by electroconductive amphiphile functionalized with a boronic acid.

betweenthe molar ratio of amphiphilic components and

the molecular area of the monolayers revealed that tf Ag/AgCI

only species present in the monolayer consists of th (szcérencte
N~ . - i and Counter

amphiphilic terpyridine, the biphenyl guest, and end-cappeg Cluctss Oxidass Electrodes)

Pd(ll) with 4:1:6 stoichiometry, suggesting dynamic
formation of the nanobox structure. Spontaneous formatic
of chirally selected structures at the air—water interfac
was extensively researched by Liu and coworkers, wh
first discovered formation of spiral (chiral) structures in
transferred monolayers of a non-chiral barbituric acic
derivative (figure85) [720]. Spiral nanofibers were observed
by AFM observation when the film was compressed to th
inflection point in the y-A isotherm. The spirals observec
were wound in both anticlockwise and clockwise directions
Circular dichroism (CD) spectral data suggested the
handedness of aggregation was maintained after initii
selection at the beginning of structure formation because of
cooperative interaction. Interestingly, the starting aggrega
handedness was determined by chance.

These features of molecular recognition can be used ©  Working Electrode -&j
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prepare specific structures in two-dimensional formations ~ (+0-60 V vs.Ag/AgCl)
The so-called ‘two-dimensional molecular patterning’

methodology [721-723] was pioneered by Kunitake ani @
coworkers. Examples in figurg6 reported by Kunitake and

coworkers reveal that aqueous dicarboxylate can bind to twu —\ S

dialkylguanidinium molecules, and that a spacer be'[We%ﬁbure 82. Glucose sensing by an LB film of a lipid-coated glucose
the two carboxylates of the aqueous template affects thgdase.
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methylene spacer) displayed a crystalline arc (a), while only
an amorphous halo was observed for the monolayer from the
pure water subphase (b). The rigid oxalate template bound
the two guanidinium molecules effectively weakening the
electrostatic repulsion among cationic guanidinium molecules
é by the stoichiometric binding. When the template was

from Air Phase

changed to malonatéCH,) spacer or succinatéCH,),
spacer, the electron diffraction pattern obtained could be
assigned to the crystalline state, but the arc in the patterns
broadened (c). A further increase in the spacer length glutarate
with (CH,)3 spacer and adipate witlCH,)4 spacer results in
L an amorphous phase of the monolayer (d).
. 2N Kunitake and coworkers also demonstrated two-
' E 'i dimensional molecular patterning upon molecular ribbon
. formation between amphiphilic melamine and aqueous
~ barbituric acid derivatives (figured7) [727]. An AFM

OH; |/_||/ 2 | molecular image of the didodecylmelamine monolayer
HzO-a_‘h[,.—-OHz 7’]1" ,Fle ==

—~N— bound to the barbituric acid derivative was easily observed,
Hz0 | Okt Square Grid although the corresponding monolayer transferred from pure
OHy Network water was too fragile for AFM observation. The packing
model derived from the AFM image indicated an oblique
array of methyl terminals. With binding of thiobarbituric
Figure 83. Formation of a nickel-iron cyanide grid network at the @Cid rectangular and oblique arrays of the alkyl chains
air—water interface. of the monolayer were observed, respectively, whereas a
hexagonal arrangement of the alkyl chains was observed
o o o for the monolayer transferred from pure water. Varying the
crystallinity of the guanidinium amphiphiles [724-726]¢oncentration of thiobarbituric acid in the subphase permits
Interactionbetween some acidic species such as phosphaiine control over the mesoscopic pattern of the molecular
and carboxylate and guanidinium is quite strong becauserfifbon structure. Extended structures were obtained at higher
the combined effect of electrostatic interactions and hydrogeoncentrations of thiobarbituric acid probably due to more
bonding. Monolayers transferred from aqueous oxalate (eéfiicient formation of the molecular ribbon.

enPd(NO,), N |
E—————

Figure 84. Formation of a box structure by the self-assembly of amphiphilic ligands with end-capped Pd(Il) components in the presence of
a rod-like guest as a template.

from Subphase

57



Sci. Technol. Adv. Mater9 (2008) 014109 Topical Review

HsC,
TR W W ¥ e ¥ P ¥ ¥y
H O
N
o= )=
N
H

o}

o] (l) o
Na* _OJ-\,“/O' Na* Na* '0)“""';]\0' Na*
o Malonate
< Oxalate
(d o o o}
” e e ® . ;
-....- :: Na* 'C«lk"ﬁ\ﬂ/o- Na® Nat 'O)““""A'“‘-"'JJ\O' Na*
o, Yo
't % . O Glutarate
ot Succinate
L]
H o
N Na* -o)L-vaO' Na’ adipate
H., 2 H
W s
H H
0.0

Figure 86. Control of crystalline structures of guanidinium monolayers by binding of aqueous dicarboxylate.

Figure 88 illustratesthat binding of an aqueous guest at  Predictablepattern formation may not be favored by
heterogeneous recognition sites of mixtures of amphiphilése flexible nature of the complexes formed because the
at the air—water interface can induce a sequence-controlEmmplexes deform easily upon monolayer compression.
array of amphiphiles [728,29]. Molecular patterning by this To solve this problem, the novel ‘molecular tiling’
method requires an aqueous template molecule with multipeehniqgue was proposed. Molecules first used in this
binding sites, such as flavin adenine dinucleotide (FAD), tmethod had six chains located at the apexes and one
recognize the guanidinium and orotate amphiphiles. AFkhain at the center and are referred to as ‘Heptopus’
observation of such patterns at a mica surface revealed t{fajure 89) [730]. Uneven positioning of the inner and
the three-dimensional profile of the transferred monolayeuter chains of Heptopus should result in periodic holes
displays a periodic wavelike structure composed of peaks) and tips (b) created by the differences in chain
with two different amplitudes. The height difference betweelength. A second example of molecular tiling used cyclic
the two peaks is estimated to be several angstroms. Bindisigenylazomethine molecules with a rigid triangle geometry
of FAD with the guanidinium/orotate mixed monolayems a tiling template [731]. Subsequently, the secondary
fixes the two functional units at the same level throughialkylguanidinium amphiphile component was added. These
binding to the template FAD molecule. Because of th@mphiphiles form a stoichiometric complex on addition of an
conformational flexibility of the FAD molecule, the flavin unitaqueous solution of 6-(p-toluidino)naphthalene-2-sulfonate
in FAD may be buried under the phosphate group resultifgns). This tiling strategy provides a versatile design
in a height difference between the two terminal methyf patterns upon appropriate selection of component
groups. molecules.
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Figure 87. Two-dimensional molecular patterning upon molecular ribbon formation between amphiphilic melamine and aqueous barbituric
acid derivatives. © 1996, Royal Society of Chemis@pem. Commur{1996) 1769.

A unique fabrication technique for LB films in theto phase boundary [752], domain formatiofbB], acid-base
out-plane direction was recently developed by Regen adidsociation [754755], elasticity [756], basic characterization
coworkers, and is known as the ‘glued LB film’' [732—734][757-759]. Furthermore, other interfaces such as the
They developed glued LB films through polyanion bridgingair-mercury interface [760] and interfaces between water and
of cationic amphiphiles at an LB interlayer and investigatearganic solvents [761—-764] have been used for self-assembly
gas permeability through the glued LB films (figu#@). The processes.
combined amphiphile-polymer structure effectively serves as
a barrier to gas transport, which would not be accomplish L
by a thin layer of polymer encased in the lipid bilayer. Thgf('jz' Layer-by-layer assembly
authors also raise the significant possibility of using molecularhe alternate layer-by-layer (LbL) adsorption technique has
design to create new classes of glued LB films that cdmeen embraced as a versatile method for thin film preparation
discriminate among permeants on the basis of their siz&yd has rapidly developed as a method for self-assembly
shape, hydrophobicity, and polarity. at interfaces [765—769]. Figurg@lA illustrates the method

Other examples not mentioned above include monolayeselectrostatic layer-by-layer assembly in which a cationic
and LB films of unusual amphiphiles [735—-741], quanturpolyelectrolyte first adsorbs on a negatively charged surface
dots [742], clay plates [743], and carbon nanotubes [744] anfl a solid support in such a manner that over-adsorption
will be described in later sections of this review. Advancedccurs causing surface charge reversal. The subsequent
functions such as electroactive properties [74B46], adsorption of an anionic particle again reverses the surface
photo-induced electron transfer [747], logic gaté4§], charge. Alternation of the surface charge permits continuous
photo-switched wettability control [749], protonation-inducedhabrication of the layered structure. Because of the simplicity
rearrangement [750], and vectorial electron transfer [75af the assembly process, there is a vast choice of materials
were reported as well as more fundamental science relateailable. Various types of polymers including conventional
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self-assembled monolayer of a phosphonate-functionalized
Figure 88. Molecular patterning based binding of flavin adenine thiol compound was anchored on a gold surface, and
dinucleotide (FAD) to the guanidinium and orotate amphiphiles. \vas then subjected to LbL assembly of zirconium ions
© 1997, American Chemical Socieangmuir3(1997) 519. and 1,2-ethanediylbis(phosphonic acid). Success in the

assembly process was proven using analyses based on
polyelectrolytes [770-774], conductive polymers [7736], ellipsometry, XPS, and electrochemical measurements.
block-copolymersdendrimers [777778]; biomaterials such The film obtained was of a higher order than the usual
as proteins [780-785], nucleic acids [78@®7], saccharides electrostatic LbL assembly. Marks and coworkers prepared
[788—-792], virus particles [793], and other biomaterials [795}ut-of-plane  non-centrosymmetric  microstructures by
inorganic materials such as colloidal particles [795-799hyer-by-layer deposition from an air phase (figu32B)
guantum dots [800], clay plates [80B02], nanosheet [835]. In their design, intermolecular longitudinal triple
[803-809], nanorods and nanowires [81811], various hydrogen bonding interactions were used to prepare the
nanotubes [812,813], and other inorganic substancemon-centrosymmetric layered structure in which chromophore
[814-817]; molecular assemblies including dye aggregatemlecules align in a head-to-tail manner preferentially
[818—-821], micelles [822823], vesicles [824825], LB films perpendicular to the substrate. They used the chromophore
[826], and lipid membranes [827-830] are applicable in th& {4-[2-(4,6-diamino-[1,3,5]triazin-2-yl)-vinyl]-benzylidehe
LbL technique. Therefore, the LbL technique has becomgrimidine-2,4,6-trione  (DTPT), which contains a
a powerful methodology for preparation of nanostructuretydrogen-bond/electron donor and hydrogen-bond/electron
supermolecules. Additionally, this concept can be extendadceptor module at both terminals. Ito and coworkers
to preparation of three-dimensional nano-objects, usipjoneered use of a charge transfer interaction during LbL
a colloidal core as a supporting material (figuedB) assembly [836]. Thinly layered assemblies of a charge
[831-833]. LbL assembly at the surface of the colloidal coteansfer complex yielded oriented dye arrays of specific
can be followed by destruction of the central core resulting #lectronic characteristics that could find use in novel types
hollow capsules. of functional photo-electronic systems. They demonstrated

Driving forces for film assembly are not limitedassembly between an electron-accepting polymer and an

to electrostatic interactions alone. In pioneering worlglectron-donating polymer. As shown in figuB2C, the
Mallouk and coworkers initiated LbL assembly basethyers of their charge transfer complex are sandwiched

60



Sci. Technol. Adv. Mater9 (2008) 014109 Topical Review

| |
AM *x/“‘N: :N”“v \[(\/\/\/\/\
O M (o]
o wf = ) o
W\/\/\)LN/“‘VN N\/‘“‘N’I‘k/\/\/\/\/
H ! ! H

FF FF EF EF EF

i 3
N/""-._/ MF
rd
(o]
jYYYY\K

F FFF FF FRF FF

H |
+
FM i

O
o
+
\
/
+

F

F. NA“'/N T\/‘\
FFFEFFF FF EF

N
H FFFFFFFFFF

Figure 90. Glued LB films through bridging cationic amphiphiles by polyanions at LB interlayer.

betweenthe donor and the acceptor layers. Other moleculaeen developed by Shiratori and coworkers [845] and by
interactions such as supramolecular inclusion [83nd Hammond and coworkers [846].
bio-specific recognition [838339] can be exploited as well By using a combination of the LbL assembly and
as covalent bond formatio®40-842]. template synthesis free-standing objects can be prepared.
A wide variety of film depositon techniques are.i et al applied the LbL assembly technique to fabrication
also available. Char and coworkers reported an alternatiok microtubes from biocomponents such as proteins and
method for spin-coating of an LbL assembly for makinghospholipids using porous template (figual) [847].
well-organized multilayer films using a very short procesduman serum albumin is stable structurally under acidic or
time (figure 93A) [843]. In the spin-coating process, thébasic conditions (even at pH departing significantly from
adsorption and rearrangement of adsorbed chains on itseisoelectric point) because its subdomains possess strong
surface and the elimination of weakly bound polymer chailgnding sites. Thus, the surface charge of human serum
from the substrate are achieved almost simultaneously alfbumin can be made either more positive or more negative
high spin rates in a short time. Air shear force caused Iigrough variation of pH. This makes it possible to form an
the spinning process in the spin-coating LbL method h&abL assembly of human serum albumin itself. Figugé
a significant effect on the surface roughness of preparddpicts synthetic microtubes of human serum albumin with
multilayer films. Films prepared using this spin-coating Lblwalls that have smooth and clean surfaces and a thickness
process possess a highly ordered internal structure far supeofoaround 30 nm. These tubes are about 60 mm in length and
to that obtained by the conventional dipping method. Dechérey are tolerant to free bending. LbL films prepared on solid
and coworkers proposed use of a spraying process Bupports can be peeled from the support yielding free-standing
facile LbL assembly (figur®3B) [844]. They demonstratedfilms that are useful in a wide range of applications. As
preparation of a polyelectrolyte film by successive sprayinljustrated in figure95, free-standing film preparation can
of polycation and polyanion solutions and compared thHee achieved through LbL film assembly on a sacrificial
films obtained with those prepared by the classic dippirgypport layer followed by dissolution of the sacrificial layer.
method. Film deposition by spraying was easily controlle@isukruk and coworkers used this strategy for fabrication of
and very reliable. Spray deposition permits regular multilayéreely suspended, multi-layered nanocomposite membranes
growth even under conditions where dipping fails to produa®ntaining gold nanoparticles [848]. The gold nanoparticles
homogeneous films, such as in the case of extremely shedre initially deposited alternately with oppositely charged
contact times. Automatic machines for film preparation haylyelectrolytes then covering with additional assemblies
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Figure 91. (A) Alternate layer-by-layer (LbL) adsorption technique for thin film preparation on flat solid support. (B) LbL assembly on
colloidal particle and hollow capsule formation.

of conventional polyelectrolytes. Dissolving the sacrificialvas probably due to drying. GOD contained in the alternating
cellulose acetate layer in acetone resulted in release of #ssembly was immobilized through electrostatic interaction,
multi-layered polymer films with gold nanoparticles fromand activity losses caused by structural strain and deformation
the supporting silicon wafer. The free-standing film wasere absent. Thermostabilities of the enzymatic activity for
transferred to a water surface and could be lifted usindL assembled films were also examined (fig@@B). An
a highly polished copper holder. These unique nanofilnigsitial measurement of the enzymatic activity was performed
possess very stable micromechanical characteristics as ve¢lR5°C immediately after the incubation period, while the
as a sensitivity far surpassing any existing pressure senssgsond measurement was carried out after storing the film in
based on hard inorganic materials of similar dimensions. air at room temperature for 30 min. Activity measurements
Assembly procedures for the LbL technigue are generallyere similarly performed for GOD dissolved in water.
mild and so are suitable for incorporation of rather fragil&OD dissolved in aqueous solution lost its activity during
biomaterials into a film structure so that applications bas#éttubation even at 30—4C (a), and it became inactive
on functions of biomaterials are promising targets. Glucos¢ 50°C. Activity was partially recovered by returning the
oxidase (GOD) exhibits improved stability when embedded #olution to room temperature (b). The recovery of activity
polyelectrolyte LbL films (figure96) [849,850]. The storage decreased with increasing incubation temperature and totally
stability of GOD-immobilized LbL films was examined undeidisappeared after heating at “@. Assembly with PEI
three sets of conditions (figur@6A): (a) stored in water improved remarkably the thermostability of GOD (c). Even
at 25°C, (b) stored in 0.1M PIPES buffer (pH 7) ar@, after incubation at 50C a significant decrease in activity was
and (c) allowed to stand in air at°€. The film samples not detected. Interestingly, recovery of any lost activity was
stored in water at 25C showed drastic reductions in activitynot observed in the film sample at any incubation temperature
with approximately 70% of the activity lost after 4 weekgd). The improved enzymatic activity and the absence of the
probably because of bacterial growth. In contrast, the filnastivity recovery of GOD in the LbL film was attributed to
stored in the buffer at 2C showed no significant decreasesuppression of the conformational mobility of GOD upon
in enzymatic activity after 14weeks. A 10% decrease itomplex formation with the surrounding polymer chains.
activity was observed in the first week for the films kept Flexibility in film construction allows for various
in air at 4°C, but activity remained constant during thesequences of layering structures. For example, a multienzyme
following 13weeks. The initial loss in activity of the filmsreactor could be demonstrated, where two enzymes,
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formation. Figure 93. (A) Spin-coating LbL assembly and (B) spraying

process for facile LbL assembly.

glucoamylase (GA) and GOD, were assembled in the film
(figure 97) [851]. The substrate starch is hydrolyzed intMMA polymer in acetonitrile was demonstrated. Isotactic
glucose by hydrolysis of the glycoside bond performedMMA is poorly soluble in the acetonitrile and physically
by GA. The glucose produced is then converted t@dsorbs on a solid support. Syndiotactic PMMA has a higher
gluconolactone by GOD with $D, as a by-product. Various solubility and does not adsorb on the bare substrate, but rather
film structures can be easily prepared by changing the dippifigan be adsorbed onto the isotactic-PMMA-exposed surface
number and sequence, and thus the reactor structures caW#g stereo-complex formation. Alternating physical
rather easily optimized. adsorption and stereo-complexation resulted in multilayer
A unique example of a non-enzyme reactor was prepar@]maﬂon. They first prepared LbL films of a stereo-complex
by Akashi, Serizawa, and coworkers who reported alterndigtween isotactic-PMMA and syndiotactic-poly(methacrylic
layer-by-layer adsorption based on stereo-complexation agid) (PMAA) with a 1:1 unit-molar stoichiometry. Because
hydrophobic poly(methyl methacrylate) (PMMA) [852].these polymers have differing solubilities in particular
Isotacticand syndiotactic PMMAs are well known to formsolvents, one can be extracted selectively from the assemblies,
a double-strand helical structure, in which isotactic PMMAesulting in porous syndiotactic-PMAA or isotactic-PMMA
is surrounded by double the molar amount of syndiotactiitms. The resulting macromolecular nanospaces in the films
PMMA. Alternate assembly between these two kinds afould be used for stereoregular template polymerization
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Figure 94. Fabrication of microtubes from biocomponents through LbL assembly using porous template. © 2005, American Chemical
Society,Langmuir21 (2005) 1679.
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Figure 95. Preparation of free-standing LbL film.

of isotactic-PMMA and syndiotactic-PMAA, respectively. Inorganic-organic hybrid vesicles, cerasomes (see
Isotactic polymers of methacrylates are usually more difficigure 15), have been subjected to LbL assembly with
to obtain by free-radical polymerization because of stergounterionic polylectrolytes [854]. For more advanced
hindrance at lateral groups; the stereoregularity of polymesissemblies, appropriate design of the amphiphilic silanes led
synthesized by this method was absolutely dependent on ttwathe preparation of both cationic and anionic cerasomes,
of the template polymers. These workers extended the concepabling direct assembly of cerasome particles and avoiding
of shape-recognizing LbL assembly to the field of artificialse of interlayer polyelectrolytes (figure9) [855].
enzymes (figure98) [853]. Basically, enzymes catalyzeFormation of a smaller (20-100nm) cationic cerasomes
specific reactions in a specific pore structure where substratel larger (70-300 nm) anionic cerasomes was confirmed by
molecules can be accommodated through non-covalertnsmission electron microscopic (TEM) observations. QCM
interactions, such as hydrogen bonds, then converted intolservation revealed both small and large steps in frequency
thermodynamically stable form. If appropriate void structurashange corresponding respectively to adsorption of the
can be provided, specific reactions may proceed with thiationic and anionic cerasomes. Stone pavement-like close
void as a template. Therefore, shape imprinting in LbL filmgacking of the cerasome particles was indicated by AFM
can lead to enzyme-mimicry. observations of the surfaces of the assembled structures,
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- (figure 100) [858]. Track-etched polycarbonate membranes
%" (TEPC) were filled with the LbL assembled polyelectrolyte
B 60 multi-layers comprising poly(allylamine hydrochloride)
g (PAH) and poly(styrenesulphonic acid sodium salt). Gating
= 40 properties of the multilayer-modified TEPC membranes
g upon their swelling/deswelling were studied by measuring
o the flux of pH-adjusted deionized water. The multilayers
20 within the cylindrical pores of TEPC membranes exhibit
discontinuous swelling/deswelling behavior indicated by
0 - large discontinuous changes in the transmembrane flux.
20 30 40 50 60 70 8C Reversible gating properties were exhibited by this hybrid

Temperature / °C membrane as the pH condition of the feed solution was
_ 3 _ _ 3 alternated between pH 2.5 and 10.5. A ‘closed’ or ‘open’
Figure 96. (A) Storage stability of glucose oxidase immobilized  ctate can be realized at the same pH condition depending on

LbL films: (a) stored in water at 2%, (b) stored in 0.1 M PIPES - .
buffer (pH 7) at 4C, and (c) allowed to stand in air at@. (B) the pretreatment history because this LbL valve performs

Thermostability of the enzymatic activity for LbL assembled films: hysteretic gating. High molecular weight polymers could
(a) free glucose oxidase measured immediately; (b) free glucose be selected for retention or transmission by varying the

oxidase after 30 min; (c) glucose oxidase in LbL film measured membrane pretreatment condition. Similar gating properties
immediately; (b) glucose oxidase in LbL film after 30 min aimed at control of water flow would be useful in microfluidic
channel devices.
where the difference in the particle size for each layer Hollow capsules prepared by LbL techniques
confirmed preparation of layered structures of the cationige appropriate objects for drug delivery [85860].
and anionic cerasomes. The structures presented canEpeapsulation and controlled delivery of DNA using LbL
regarded as novel types of artificial multi-cellular systems faapsules have also been reported. For example, Lvov and
use as bioreactors or biosensors. Immobilization of variousworkers reported an approach for DNA encapsulation
biomolecules, such as enzymes and antibodies, followinging a biocompatible polyelectrolyte capsule (figitdA)
further functionalization of the cerasome surface could §861]. In their method, a water-insoluble DNA/spermidine
used to create novel bio-organic-inorganic nano-hybrids. complex was first precipitated onto Mn@Q@articles. LbL
Polyelectrolyte-based LbL films have soft and flexiblassembly of biocompatible polyarginine and chondroitin
constitutions, and their structures can be regulated by extersalfate was then performed on the mixed component cores.
stimuli. These attributes are useful for controlled release abissolution of the MnC@ template particles in deaerated
drug delivery B56, 857]. For example, Rubner, Cohen, an@®.01 M HCI resulted in biocompatible capsules containing
coworkers introduced soft LbL films within the pores of ahe DNA/spermidine complex. Further treatment with 0.1 M
polymer support to prepare a pH-sensitive permeation val#€l led to decomposition of the DNA/spermidine complex,

65



Sci. Technol. Adv. Mater9 (2008) 014109 Topical Review

0 Anionic
Cerasome
Stereo-Complex

. Cationic
LbL Film P o

Figure 99. LbL assembly between cationic and anionic cerasomes.

at High pH at Low pH

—0
=]

LbL Film
Polycarbonate
Men}brane
col o o
o
o o —
Stereo-Selective
Polymerization

Figure 100. LbL assembly as a pH-sensitive permeation valve on
track-etched polycarbonate membranes.

Multilayer structures on colloidal particle cores have
an ideal structure for research of basic phenomena. To
Figure 98. LbL reactor based on stereo-complex formation. Understand energy transfer processes, Decher and coworkers
exploited the superiority of LbL assembly for structural

andonly low molecular weight spermidine was released froffesign and synthesis (figure02) [863]. They prepared
the capsule interior, giving DNA-entrapped biocompatiblePL films of 13nm gold colloids for fabrication of
capsules. Lvov and coworkers reported encapsulation /gftal core-polymer shell capsules where the fluorescent
peroxidase inside polyelectrolyte LbL capsules as a cataly@fganic dyes fluorescein isothiocyanate (FITC) and lissamine
system for the synthesis of phenolic polymers confined withfRodamine B (LISS) were placed at various distances from
microcapsules (figurel01B) [862]. Cationic and anionic the gold core. Fluorescence of the fluorescein and lissamine
polyelectrolytes were first assembled by LbL on a weakfyes situated in the outer polymer layers of the core-shell
polymerized melamine formaldehyde particle. Subsequeinoparticles is quenched by the gold nanocore. A systematic
dissolution of the template core in an acidic medium wdsvestigation involving varying the distance between dye and
followed by soaking of the hollow capsules, thus obtaine#)etal core provided a direct method to assess the effect
in an aqueous peroxidase solution. When the pH of ti¢é the metal core on radiative rates, thus revealing strongly
bulk solution reached a value of 4.0, the shell wall allowedistance-dependent fluorescence quenching or reduction in
permeation of the peroxidase into the capsules. When the #ii¢ transition probability for radiative transitions by gold
was subsequently adjusted to 8.5, permeability of the capsoRnoparticles.

walls was reduced leaving the peroxidase trapped mostly Because the LbL assembly method is so versatile, it can
within the capsules, but also some contained in the walls. The combined with other fabrication techniqgues. Hammond
closed capsule allowed permeation of the monomer, tyrami@ed coworkers proposed the use of chemically patterned
while the resultant polymerized fluorescent polymers wesairfaces produced by stamping techniques as templates for
confined inside the capsule. ionic multilayer assembly based on stamping techniques
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Figure 101. (A) Encapsulation strategy of DNA into hollow LbL capsule. (B) Encapsulation of peroxidase and polymerization in
hollow capsule.

(figure 103A(a)) [864, 865]. The LbL multilayers, as a film produces a pattern resistant to further adsorption and
polyelectrolyte platform, were deposited on a solid suppcstlectively allows further LbL assembly on the unstamped
and terminated by using a layer containing an amine grougreas. Combination of the LbL technique with ink-jet printing
A poly(dimethylsiloxane) (PDMS) stamp was treated witland also with photolithography was demonstrated by Yang
an oxygen plasma, which provides a hydrophilic surfacand Rubner (figurelO3A(b) and (c)) [866]. Poly(acrylic
and then inked with a solution of copolymer comprised aicid) (PAA) and polyacrylamide (PAAm) can be assembled
oligo (ethylene glycol) and maleic anhydride. The maleiasing the LbL method, but they interact through hydrogen
anhydride group from the ink reacts with the amine grouponding. Exposure of the film to water with an appropriate pH
from the LbL surface, leaving only the oligo (ethylenghrough the ink-jet printing method led to micro-patterning
glycol) chains exposed, which are inert to adsorption efith a desirable design (figurd03A(b)). Cross-linking
ionic species. In this manner, stamping on the first Lbhetween these two polymers by heat treatment stabilized
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Figure 102. LbL assembly for structural design to understand energy transfer processes.

the etched patterns. Use of photosensitive polymers @an be used for various applications. Permeation control
the LbL technique permits fabrication of micropatternthrough self-assembled monolayers (SAM) of dialkylsilane
on LbL films. In figure 103A(c), the photoindicator part amphiphiles covalently immobilized within glass pores was
generated free radicals upon UV light irradiation, promotingzported by Okahata and coworkers (figlifis) [889].Phase
cross-linking of polymers under those parts exposed to lightansitions between solid and fluid liquid crystalline states of
The latter polymer portion became insoluble, while thghe monolayersimmobilized in the pores were used to regulate
unexposed parts remained soluble. As a result, micropattethé permeation rate of NaCl across the porous glass plate.
could be drawn according to photomasks. An excellehey further developed this concept by combining with the

example of microfabrication of LbL films into a free-standing B technique finally to demonstrate permeation control using
micro-object was performed by Lvov and coworkers whegingle monolayers [89®91].

demonstrated the synthesis of an LbL self-assembled ultrathin pglecular modules with photo-electronic properties such
micro-cantilever consisting of clay/polymer nanocompositgg porphyrin and fullerene can be easily immobilized on
[867]. They used sequenced procedures including patterniggiig surface. Imahori and coworkers have been extensively
photo-treatment, etching, and LbL assembly (figl®8B).  researching photoelectronic properties using SAM structures
Thereare countless research accounts of examples Qfniaining both porphyrin and fullerene units [892-895].
the application of the LbL technique, and this simple reVieWhey proposed a mixed SAM system where boron dipyrrin,

cannot cover them all. Recently, research of this method has o light-harvesting molecule, is combined with a

become application-oriented as can be seen in several repfgﬁocene-porphyrin-fuIIerene triad as a charge-separation

including surface modification for superhydrophobicit)fnolecule in order to mimic the li ; ;
) , ght-harvesting function
[868, 869], sensor preparation [870-874], electrochromm antenna complexes of green plants (figie) [896]. A

devices [875], photochromic devices [876], thin f”rﬂwo-step electron transfer was achieved in the triad molecule

transistors [877], fuel cells [878], solid-state photovoltai . :
. e . . . (i.e. photo-induced electron transfer from the porphyrin to
devices §79), rectifying junctions [880], and chiral swnchmggﬁo f%llowed by efficient charge transfer fron? fef)rrc))/cene

[881]. to the resulting porphyrin radical cation) yielding a charge
separated state. The gold electrode donates one electron to
the F¢ moiety and the charge-separated complex donates
One of the most frequently used techniques for modificatiéii€ electron to a carrier such as methylviologen or O
of solid surfaces is that of self-assembled monolayer (SANgsulting in cathodic photocurrent generation. Emission from
formation, which is a useful method for constructiothe boron-dipyrrin overlaps well with the absorption band
of interfacial self-assembled structures on solid surfaceé the porphyrin in the triad so that, in the mixed SAM
[882,883-888]. As illustrated in figur&04, three main types Structure, an efficient energy transfer can take place from the
of method for covalent bonding have been proposed. Sciedxgon-dipyrrin moiety to the porphyrin moiety. This efficient
and technology based on surface coating has been widefiergy transfer enables efficient photocurrent generation
developed using the SAM method [8&83-888]. using this mixed SAM system.

SAM structures ensure strong covalent bonding between Porphyrin-based SAMs have also been used as molecular
organic monolayers and solid substrates, and therefomegemories [897], for sensing of acid and base [898], sensing

4.3. Self-assembled monolayers
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Figure 103. (A) Microfabrication techniques with LbL method: (a) stamp method; (b) ink-jet method; (c) photolithography. (B) Cantilever
preparation based on LbL technique.

of NO, [899], sensing of @ [900], and as an optical pH [924, 925], and nanocrystals [92827] have also been
meter [901]. SAM structures incorporating fullerene havienmobilized indirectly at appropriate SAM surfaces.

been applied to catalysis [902] and their electronic properties Stoddart and coworkers immobilized molecular
were investigated [903904]. Also, Tour and coworkers machines at a solid surface using the SAM technique.
investigated the structures of SAMs and pointed out tliistable [2]rotaxanes exhibit controllable switching
possibilities of multilayer formation, based on experimengsroperties at surfaces, which can be useful in device
using thiol-terminated fullerene derivatives (figli@7)[905]. designing. The electrochemically and electrically driven
Various polymeric units such as oligo (phenyleneethynylenajechanical shuttling motion of the ring-shaped component,
[906, 907], oligothiophene [908], polyelectrolyte brushesyclobis(paraquat-p-phenylene), is the basis for these
[909, 910], polyaniline [911], poly(ethylene glycol) [912], phenomena (figure108). Goddard Ill and coworkers
peptide [913], protein [914], DNAJ15], nucleotide [916], reported the structure and properties as a function of
carbon nanotubes [917918], coordination cages [919]surface coverage for of a SAM of a bistable[2]rotaxane
have been immobilized in SAM structures. SAMs witton Au(111) surfaces as a function of surface coverage.
cyclodextrin [920,921] and calixarene [922] can be usedhis work was based on atomistic molecular dynamics
for material sensing through inclusion complex formatiorstudies with a force field optimized from density functional
Inorganic structures such as nanoparticles [923], nanowithgory calculations, but also includes several experiments
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Figure 104. Self-assembled monolayers (SAM).

Figure 105. Permeation control through SAM of dialkylsilane
that validate the computational predictions [928n a @mphiphiles on a porous glass plate.
more advanced approach, Ho, Stoddart, and coworkers

proposed a ‘molecular muscle’ [929]. For this purpoSgne grface energy increased. Photoirradiation ofcteeich
switchable, palindromically constituted bistable[3]rotaxan rface with blue light (365 nm) transformed tbis isomer
were designed and synthesized with a pair of mechanicagly, yhetransisomer, so that the surface reverted to being of
moblle rngs encwcllng a single dumbbell (figui®9). The energy. When the SAM surface was irradiated with UV
site of occupation of the two cyclobis(paraquat-p-phenylengy; the surface became wetted to a greater degree with olive
rings can be controlled to be on either tetrathiafulvalene g |y contrast, irradiation with blue light resulted in a larger
naphthalene stations. For the purpose of its self-assempl,iact angle of the oil. The directional motion of a droplet
at a gold surface, the active form of the bistable[3]rotaxang, 4 ¢is rich surface upon asymmetrical irradiation with blue
bears _dlsulflde tethers attached.covalently to both of trnaht was realized. By moving the light beam, a controlled
cyclobis(paraquat-p-phenylene) ring components. An argyaqient of the surface energy between the advancing and
of flexible microcantilever beams, each coated on one si eding edges of the droplet could be maintained. Motion of
with a monolayer of 6 billion of the active bistable[3]rotaxan?ne droplet could be sustained by irradiation with blue light
molecules, undergoes controllable and reversible bendigg graded intensity, but irradiation of the photoresponsive
when exposed to the synchronous addition of aqueoyigface with a homogeneous blue light effectively prevented
chemical oxidants and reductants. motion of the droplet.

Beca_use various fu_nctlonal groups can be mtrodl_Jped One recent breakthrough technique in SAM technology
at a solid surface using the SAM method, wettabilityy ihe invention of dip-pen nanolithography [932A

of surface by a liquid can be regulated by appropriaigsy AFM-based soft lithography technique was created
design. As demonstrated by Whitesidgsal, hydrophilicity py compining self-assembled monolayer chemistry with

gradients can be generated by surfa_ce modificati_o_n_ yvi M technology (figure112). Nanoscale can be written
belts composed of monolayers of various hydrophilicitiegy, metal and semiconductor surfaces using a solution
Because of favorable interactions with the monolayey monolayer-forming materials as ink. Apart from this

surface, liquid droplets can move across such surfagggnnique, surface patterning with SAM methods has been
against gravity (figurel10) [930]. Ichimura and COWOfkerSextensively studied [933-939].

reported more advanced control of the motion of a liquid
droplet on a SAM surface functionalized photoresponsi\f
unit [931]. After an amine-carrying monolayer had”
been first covalently immobilized on a silica plate, #abrication techniques for thin film structures such as
calix[4]resorcinarene derivative having a photochromithe LB technique and LbL method provide control of

azobenzene unit (figurelll) was immobilized using layering sequences but are not always useful for molecular
electrostatic interactions. The macrocyclic structure of trerangement within a single monolayer plane. Therefore,
amphiphile was designed to ensure sufficient free volunbechniques to control molecular arrangements within a
required for the photoisomerization of the azobenzemeonomolecular plain with high precision are necessary
moieties. Photo-irradiation of the monolayer with UV lighin order to further develop controlled self-assembly as a
(365 nm) resulted in the formation of ca 90% cis isomer withreakthrough methodology. Because of advances in probe
a higher dipole moment. Therefore, upon UV irradiatiomicroscopies, we can now observe directly images of

4. Molecular arrays and material arrays on surfaces
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Figure 106. SAM with boron dipyrrin, as the light-harvesting molecule, and charge-separation molecule, a ferrocene-porphyrin-fullerene
triad.

Figure 107. Fullerene derivatives for SAM structures on gold.
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~N to square domain structures took place with a well defined
phase boundary. A molecular conformational transition from
coplanarity to non-planarity of the porphyrimeso-phenyl

substituents accompanies the phase transition from hexagonal
to square domain structure (figufel3B). The molecules

»0 }‘0 contained in the square domain have a four-fold symmetry,

~0 which is similar to that of the free molecule, i.e. non-planar

N \ . J,\ conformation with a large dihedral angle. In the latter
(EU i) SIS conformation, the square grid structure was induced by
g5 van der Waals contacts between t-butyl groups of the
(—’(_,” (=/ neighbouring molecules. Square-packing would be preferable

o from the viewpoint of the conformational energy of an

[ Oxidative Stimuli [0 individual molecule. This is because the molecules in this
[ _— E e packing had a stress-free conformation with a large dihedral
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angle. However, van der Waals contacts among neighbouring
molecules and those between molecule and surface were
reduced when compared with those in the hexagonal packing
phase. In contrast, the stability of the hexagonal packing

o}
0
NS
./O
3 0 arose from increased intermolecular and surface-molecule
5 5 contacts of the co-planar conformation, although this came
/Lv/ﬁ)\ /l\fk/'\ at the expense of an increased conformational energy of
$ J the distorted molecular conformation. Coexistence of the
J/ hexagonal and square domains indicated that both packings
{0 o are in fact metastable and the energy barrier between these
5-s 5-S

(o]

B ‘)
,—"—'\

O

domains was relatively small allowing the molecules to
occupy either structure.

In other work, TDtBHPP molecules were found to adopt
several morphologies through variation of dihedral angles
between substituted groups and central porphyrin core. Hill
et al found that molecules adapted their conformations to
avoid mismatches between two different two-dimensional

individual molecules and their arrangements. Excelleftystalline phases [975]. The planar conformation of the
images of various species such as aliphatic moleculERtBHPP molecule favors the hexagonal packing, as shown
[940-942], aromatic molecules [943-951], porphyrin'@ figure 114A. Rotation of the phenyl substituents to low
and their families [952-960], fullerenes [961-967] andihedral angles, in response to surface adsorption, causes
polymers [968] are now available. In addition, manipu|atioﬁaddle-like distortion of the tetrapyrrole core, which results
of molecular level processes has been demonstratét.a different packing motif (figurel14B). Surprisingly,
For example, in situ polymerization of diacetylenénolecules with a ‘mixed’ conformation could be found at
(10,12-nonacosadiynoic acid) molecules by using an ST¥e periphery of the latter assembly and at the boundary
tip was realized by Okawa, Aono, and coworkers [98B)], between two different two-dimensional crystal domains. In
and recently, Sakaguchet al reported electrochemicalthis conformation, phenyl substituents of molecules at the
epitaxial polymerization of single-molecular wires [971] an@lomain exterior more closely approached coplanarity with
visualization of single-molecule conjugate copolymers [972he molecular mean plane, while those involved within the
Now that imaging of individual molecules and control oRssembly were constrained against this. A model of the
molecular level processes has been demonstrated, dynapdgking of the domain is shown in figuté 4C together with
control of self-assembly should be possible. Several examptgace-filling representations of the three differing molecular
of control of molecular arrangements through self-assemblg@nformations. The transformation between two kinds of
process are described in the first part of this section. domains was smooth because of mediation by the mixed
Recently, Hill et al reported dynamic behaviourconformation molecules at the phase boundary.
in the two-dimensional molecular arrangements of a Minor variation of molecular structure altered the
porphyrin  derivative, tetrakis(3,5-di-tbutyl-4-hydroxy assembly mechanism of the porphyrin molecules. For
phenyl)porphyrin (TDtBHPP) (figurel13A) [973, 974]. example, change of substituent group from bulky tert-butyl
Dynamic changes of the molecular arrangement from gsioups to small methyl groups in the TDtBHPP structure
hexagonal phase to a square phase could be observednakes hydrogen bonding possible. The new molecule
sequential real-time STM observation of arrays of TDtBHP@an form a hydrogen-bonded network, a Kagomé lattice
molecules at a Cu(111) surface at room temperature. Chan@fegire 115) [976]. Importance of hydrogen bonding in
in the molecular arrangements appear to occur through @olecular arrangement was also demonstrated in pioneering
apparent domino effect where conversion from hexagonasearch by Yokoyamet al[977]. They reported preparation

Figure 108. SAM of a bistable[2]rotaxane on Au (111) surfaces.
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Figure 109. Molecular muscle based on SAM structure of bistable[3]rotaxanes on cantilever surface.

of two-dimensional artificial molecular patterns of porphyrin
derivatives through hydrogen bonding, at a Au(111) surface
(figure 116). Two kinds of tetraphenylporphyrin that contain
two cyano groups in different relative positions (¢s®@mer
and trans-isomer) were used in their research. Cyano
groups introduced at the porphyrin phenyl substituents can
dimerize through hydrogen bond formation. Linear molecular
wires were found in STM observations of theans-isomer
while tetrameric cyclic domains were formed preferentially
(figure 116A) in the case of theis-isomer (figure116B).
This example demonstrated that only a small difference in
molecular structures can be reflected in the patterns of the
porphyrin array. The pattern of the porphyrin arrays could
be said to be programmed by the structures of the subunit
molecules. Figure 110. Control of liquid droplet motion by adjustment of

Barth, Kern, and coworkers demonstrate that novelirface wettability.
supramolecular nanostructures can be obtained with the aid of
cooperative self-assembly between adsorbed moleculegtures observed within the supramolecular structure.
They fabricated a one-dimensional supramolecul@rientation of the molecular chains reflected a good match
nanograting at a Ag(111) surface by vapor deposition petween the 4-[trang-(pyrid-4-yl-vinyl)]benzoic acid
4-[trans-2-(pyrid-4-yl-vinyl)]benzoic acid under ultrahigh subunits and the high-symmetry lattice positions. The
vacuum [978]. Figurell7 depicts model structures ofproximity of the coupled groups was associated with
the resulting molecular pattern, on the basis of STKbrmation of weak hydrogen bonds. This finding suggested
observations. Formation of a highly regular, one-dimensionglat the self-assembly of properly designed molecules by
supramolecular arrangement in a domain that extenlgdrogen bonding could open up new avenues of research
over two neighboring terraces separated by an atoni@r the positioning of functional units in supramolecular
step is revealed by an overview image. A close-ugrchitectures in two-dimensions.
view of some molecular stripes indicated that the Epitaxial adsorption of alkyl chain moieties on a substrate
one-dimensional superstructure actually consists of tweorface can also induce regular arrangements of functional
chains of 4-[trans2-(pyrid-4-yl-vinyl)]benzoic acid. The units. Nakanishiet al wisely applied this concept to form
model proposed in figurd17 was used to rationalize thea two-dimensional fullerene array (figudel8) [979, 980].
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Figure 111. Control of the motion of a liquid droplet on a SAM by
photoirradiation.

A fullerene derivative containing three hexadecyl chains Figure 112. Dip-pen nanolithography.

was spin-coated from chloroform solution onto freshly

cleaved HOPG under conditions suitable for obtaining potential of F,,=—-1.29V. From the current passed
submonolayer coverage revealing structural details of tdering the reduction process, the electroactive quantity was
interfacial layers. Tapping mode AFM images revealed thealculated to be 25% of full monolayer coverage. This result is
this fullerene derivative formed a one-dimensional lamell&onsistent with the surface coverage determined by AFM. The
structure on HOPG. High-resolution STM imageing undeesults of CV measurement confirmed that thg @oieties

the optimized conditions showed lamellae composed gaf Care electroactive, opening the way to address the individual
arranged in zigzag fashion. The periodicity of the lamellamolecules and to investigate the conductivity of individual
was 6.3nm. CV measurements performed on the fullerenanowires.

derivative adsorbed on HOPG revealed a single redox event Self-assemblies of coordination complexes have also
corresponding to generation of the fullerene monoanion la¢en visualized using STM. Figufiel9 shows a monolayer

\b\\b\\»\\&bbb\-\\j

Figure 113. Two-dimensional molecular arrangements of tetrakis(3,5-di-t-butyl-4-hydroxyphenyl)porphyrin (TDtBHPP): (A) AFM
observation; (B) molecular model. © 2006, Royal Society of Chemi€ingm. Commur{2006) 2320.
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Figure 114. (A) and (B) two-dimensional crystalline phases of

TDtBHPP molecules and (C) molecular models for lattice. © 201 c
Royal Society of Chemistr§ghys. Chem. Chem. Phy&(2006) N
5034.

HO OH

Figure 116. Two-dimensional artificial molecular patterns of
porphyrin derivatives via hydrogen bonding: (&is-isomer and
trans-isomer; (B)trans-isomer.

supramolecular cavities should become size-tunable given
selection of appropriate building blocks and coordination
conditions, and could be used for selective inclusion of
guest molecules. This idea was realized in pioneering work
by Barth and coworkers [982]. They used 1,4-dicarboxylic
benzoic (terephthalic) acid as a building block for cavity
formation through coordination with Fe atoms. Formation
of coordination complexes on Cu(100) surfaces produced
several types of cavities depending on the coordination
mode (figure120). If Fe concentration was kept low, and
in the case of terephthalic acid, ladder-type structures with
elongated cavities evolved, where not all carboxylate groups
could participate in coordination to Fe atoms. The remaining
carboxylate groups presumably formed hydrogen-bonds with
adjacent phenyl rings in order to stabilize the network
structures further. Upon completion of two-dimensional
Fe-carboxylate coordination, a larger square-shaped cavity is
formed. Gy fullerene guests could be accommodated within
these cavities with differing efficiencies.

array of an organoplatinum complex as reported by Stang Controlled alignment of nano-sized inorganic objects
and coworkers [981]. Metals such as platinum and palladiui also an attractive research subject, and could make
have been used for preparation of shape-defined complekaportant contributions in device preparation and basic
with appropriately designed organic ligands. The examplgiantum science. However, objects of such high mass per unit
shown in figurel1l9 used bipyridine-type ligands to give anstructure cannot be subjected to vacuum deposition so that
array of square units through coordiation with platinum oather self-assembly technique, such as the LB method, can
a Au(111) surface. Formation of patterns with rectangle e applied for this purpose. Typical two-dimensional surface
cage units were also realized using an appropriate orgapiessures prevalent within a floating Langmuir monolayer
ligand and by using the same strategy. Two-dimensiorae of the order of a few dozen megapascals. Therefore, it

Figure 115. Hydrogen-bonded network, Kagome lattice structure.
© 2007, American Chemical Society, Phys. ChemC 111(2007)
16174.
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Figure 118. Two-dimensional fullerene array on HOPG substrate. © 2006, American Chemical Sdchaty, Chem. Sod28(2006)
6328.

might be expected that some coalescence reactions caile film. This concept can also be applied in the large
be directly and strongly affected by this surface pressuigcale alignment of 1D nanomaterials below the operating
This is along with the well-known pressure effect on thémits of conventional lithographic techniques (figut@1).

orientational order and the proximity of the molecules withithe nanomaterials remains in raft-like islands at low surface
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Figure 120. Two-dimensional supramolecular cavities of 1,4-dicarboxylic benzoic acid upon coordination complexes on Cu(100) and
inclusion of fullerene.
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Figure 121. LB methor for nanomaterial alignment on water
surface.

pressure with large separations between the islands. Up
compression, the rods/wires organize parallel to the barri¢
through their reorienting in a head-to-tail alignment ang
resulting in a closely packed monolayer.

The example shown in figurd22 was reported by
Golan and coworkers [983]. A composite map comprise!
of large area TEM images revealed the parallel aligne
PbS nanowires after transfer onto a TEM grid by using thgn e
Langmuir Blodgett technique. A monolayer of the aligneCllmm
nanowires was lifted at = 23 mN/m and T=22°C. Images _. ) ) ]
af represent a continuous area of the TEM grid with locatidfdur€ 122. Composite map comprised of large area TEM images

. . with the aligned parallel PbS nanowires. © 2007, American
marks indicated by the circled numbers. The area represe mical SocietyNano Lett7 (2007) 1459.
here is over 3 fy which is only part of the total aligned area of
ca 15 nf. Such long range areas could be observed frequently

at many different sites of the TEM gl’ld The nanowires reta.ﬁ_ooz_looe], nanorods [1007_1012], and nanocrystals
the width of the initial PbS nanowires after alignment with 013_1015], from solution has also been achieved. Designed
an average diametery of 1480.08nm and pitch of 2.&  gyrfaces prepared by appropriate method such as SAM can
0.08 nm. Similarly LB methods were used for assembly Qfiso assist nanomaterial assembly [101617]. Structure
nanoparticles [984-992], nanowires and nanorods [993-999hnscription from colloidal particle assemblies has also been
andquantum dots [1000]. reported. Xu and Goedel proposed a method using colloidal
Assembly of colloidal particles can be accomplished byssembly at the air—water interface (figa@%) [1018].First,
using a solution process. Teranishi and coworkers developgdnixed monolayer of colloidal silica (diameter, 140 nm)
fabrication technique for two-dimensional superlatticespated with hydrophobic polymer and polyisoprene-type
[1001]. As depicted in figurel23, amino-functionalized amphiphilic polymer was spread on water, and followed by
Au nanoparticle building blocks were self-assembled witgross-linking of the polymer using UV irradiation. Following
organic acids forming of two-dimensional superlattices afansfer of the monolayer onto a mesh substrate and selective
different symmetries. The two-dimensional superlatticg®moval of the silica components, porous films with pore
of quasi-honeycomb and square structures were obtaingimeter 55nm and of thickness 40 nm were obtained. The
by neutralizing amino-functionalized Au nanoparticlesther attempts on assemblies of inorganic materials were
with  1,3,5-tribenzenecarboxylic acid and acetic acideported [1019-1023].
respectively. The results strongly suggest that different As mentioned previously, DNA is a powerful tool
types of two-dimensional or three-dimensional superlatticésr construction of defined nanostructures. The DNA
can be constructed by addition of the appropriate acs#lf-assembly technique has also been used for pattern
to nanoparticles functionalized with amino groupsormation in the two-dimensional plane [1024-1028]. As
Self-assembly of various nanomaterials such as nanoparticdehematized in figurg25, Winfreeet alreported formation of
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Figure 123. Two-dimensional superlattices formation of Au
nanoparticles with 1,3,5-tribenzenecarboxylic acid.

regular two-dimensional patterns through specific recognition
between DNA fragments [1029]. One unit is composed of four
custom designed DNA chains and spontaneous base-pairing
between them results in a complex with four unbound
DNA fragments as appended tags. The A unit has tags
with TCACT, TAGAG, CATAC, TCTTG sequences, while
AGAAC, GTATG, ATCTC, and AGTGA tags are attached to
the B unit. These tags undergo mutual recognition, resulting
in alternating patterns of A and B units. Since design and
synthesis of such DNA chains is a simple matter using
existing techniques, this concept could be a versatile method
for fabrication of two-dimensional patterns. Patterned surface
structures created using DNA self-assembly provide scaffolds
for regular arrays of nanoparticles. Yan and coworkers
reported the use of a self-assembled two-dimensional DNA
nanogrid as a template for organization of 5nm gold
nanoparticles into periodic square lattices (figut@6)
[1030]. Each particle sits on a single DNA tile. The
center-to-center interparticle spacing between neighboring
particles is controlled to be38 nm. These evenly distributed
Au nanoparticle arrangements including accurate control of
interparticle spacing may find applications in nanoelectronic
and nanophotonic devices.

5. Summary and future perspectives

In this review, various aspects of self-assembly have
been presented, concentrating on the different types of

—gj—

—5i—

Amphiphilic Polymer

Substrate

Removal of Particles

Figure 124. Porous pattern formation by fabricaton of colloidal particle assembly.
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CATTCTGGACGCCATA

GATGGCGTCCGTTTA AGTCGAGGACGGATCG
TCACTCTACCGCA(?GCAAATG TCAGCTCCTGCCTAGCCATAC

TAGAGGTAAGAC(ETGCGGTATXAGATACCPI\ GGCTACTGTCTTG
TCTATCGTCCGATGAC

GCTCTACAGGATCTGGXATTCAACCTGTTGGCG
AGAACCGAGATGT CCTAGACC

TAAGTTGG ACAACCGCATCTC
(|

|1
GTATGGCGAACGGACAAGCCG TGCAATGT CCTAACGGAGTGA
CGCTTGCCTGTTCGGC” “ACGTTACAGGATTGCC

Figure 125. Formation of regular two-dimensional patterns through specific recognition between DNA fragments.

Figure 126. Periodic square lattices of gold nanopatrticles on a
self-assembled two-dimensional DNA nanogrid.
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self-assembly the components involved, and the role of
interfaces in directing their ordering. The examples presented
are diverse in their scales, structures, and properties. Because
of the broad scope of this challenging science, it is difficult to
summarize the field in a single scheme. To attempt this, we
have further categorized the presented topics (assembly type,
component type, interface assembly) according to the scales
at which they operate (figuré27). At the smallest scale,
structural control over molecular arrays and materials arrays
provides nanoscale structures, where molecular attributes
such as morphology and functional group positioning require
thoughtful design. For micro-sized objects made using
self-assembly, careful design of hierarchical processes should
lead to creation of more intricate structures. For fabrication
of macro-sized materials, transcription of self-assembly onto
desirable products should improve opportunities for creation
of a variety of bulk materials with precise nanostructures
at their interiors. Some techniques, such as dynamic
manipulation of self-assembled molecules at the air—water
interface, can bridge between the molecular world and the
macro-world.
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Figure 127. Outline of ‘self-assembly world’ from nano to bulk.
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well-developed top—down-type nanofabrication is important

for development of self-assembly science and technology.
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