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Almost all functional materials pro-
duced today are held together by
strong, irreversible bonds. These

bonds make such materials robust but, un-
der normal conditions, they lack the ability
to change, making them difficult to process
and recycle. In contrast, noncovalent bonds
are reversible and sensitive to environment,
entailing adaptivity and stimuli-responsive-
ness that can be employed to achieve facile
fabrication and recycling, self-healing, and
multifunctionality. Furthermore, noncova-
lent synthesis based on molecular self-
assembly enables facile construction of com-
plex arrays, unfeasible bymeans of covalent
chemistry.1�7 However, most noncovalent
interactions are weak and perceived as in-
adequate for creating materials that can
represent a viable alternative to covalent
systems. Indeed, a single noncovalent bond
is weak, but what if many noncovalent
bonds are working in concert? Interestingly,
some very robust polymeric materials owe a
significant fraction of their strength to mul-
tiple noncovalent interactions, such as mul-
tiple π-stacking and hydrogen bonds in
Kevlar (poly(1,4-phenylene terephthalamide).8

Another example relates to water-based
systems: self-assembly in aqueous medium
based on a combination of multiple non-
covalent interactions is responsible for
robustness, complexity, and adaptivity
of biological systems.9 Multiple (multivalent)
noncovalent interactions were employed to
construct a variety of functionalmaterials,10�12

which in a few cases exhibit robustness similar

to covalent arrays.
Noncovalent synthetic methodology is

only starting to emerge.13 Rational design
of noncovalent nanoscale arrays is challen-
ging as it implies controlled manipulation
of multiple noncovalent bonds, involving
complex bonding modes, unlike the
“one bond at a time” pattern of covalent

synthesis. Strong noncovalent interactions
introduce further challenges. The generally
practiced noncovalent self-assembly meth-
odology employs a paradigm of rapidly
equilibrating systems where the assemblies
are thermodynamic products. In the regime
of strong noncovalent interactions more
complex patterns involving (multiple) stable
kinetic products may operate. A related
challenge concerns adaptivity. If noncova-
lent interactions are too strong, the system
may lack adaptivity and reversibility. It
would resemble the covalent systems in
strength, but may lose the advantageous
qualities of self-healing and recyclability. In
this respect, the strength of noncovalent
bonding and/or external stimuli must be
optimized to result in adaptive properties.
Advantageously, unlike their covalent coun-
terparts, most noncovalent bonds are sen-
sitive to environment, and thus, even the
strongest hydrophobic bonds can be bro-
ken when water is replaced with a suitable
solvent, while strong ionic bonds can be
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ABSTRACT Noncovalent systems are adaptive and allow facile processing and recycling. Can

they be at the same time robust? How can one rationally design such systems? Can they compete

with high-performance covalent materials? The recent literature reveals that noncovalent systems

can be robust yet adaptive, self-healing, and recyclable, featuring complex nanoscale structures and

unique functions. We review such systems, focusing on the rational design of strong noncovalent

interactions, kinetically controlled pathway-dependent processes, complexity, and function. The

overview of the recent examples points at the emergent field of noncovalent nanomaterials that can

represent a versatile, multifunctional, and environmentally friendly alternative to conventional

covalent systems.
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weakened (screened) using a polar solvent or an
electrolyte. An additional point of challenge is related
to complexity of systems based on multiple bonding
modes, for example, involving a combination of ionic,
hydrophobic, and hydrogen bonds in a single array.
While enabling a high degree of complexity and order,
such systems are difficult to design because of com-
plicated synergy of different bonding motifs.
If we succeed in achieving strong noncovalent

bonding and can rationally design the assemblies,
what materials are to be targeted? In which applica-
tions can noncovalent systems assembled from simple
building blocks rival their covalent counterparts? The
answer to these questions will depend on the devel-
opments in the field, but success in fabrication of
supramolecular polymers14,15 and dendrimers,16 non-
covalent nanoprintboards,17 stable noncovalent con-
tainers (macroscopic sacs),18 robust self-healing gels,19

and recyclable nanoscale filtration membranes20

points at several promising directions.
This review focuses on research dealing with key

challenges in the design and synthesis of robust
noncovalent nanoarrays and their utility as adaptive
materials: (1) achieving strong noncovalent bonding;
(2) rational design of systems based on strong

noncovalent interactions; (3) efficient synthetic (self-
assembly) methodologies targeting robustness, adap-
tivity, and complexity that preferably employ small
molecules as primary building blocks; (4) reversibility
and stimuli responsiveness relevant to adaptivity and
recycling.

ACHIEVING ROBUSTNESS WITHOUT LOSING
ADAPTIVITY

The approaches to strong noncovalent interactions
are discussed according to the type of the interaction

Figure 1. (a) Chemical structures of the phosphonium dication and porphyrins. (b) Photograph of a control system based on
P2þ:2Cl�/H2TPP, indicating low viscosity (∼1000 Pa s; G0 ≈ 2500 Pa, G00 ≈ 1500 Pa), resulting in liquidlike properties. (c)
Photograph of the shape-persistent fiber pulled from the ionic network 2P2þ:H2TPP

4-. Adapted from ref 34. Copyright 2008
American Chemical Society.

VOCABULARY: adaptive material�an array that can

respond to external stimuli by change in structure and

function. Noncovalent systems lead to adaptivity due

to the sensitivity of noncovalent bonds to their environ-

ment and multiple stimuli : multivalent noncovalent

interactions�a mode in which interacting entities

are connected through multiple noncovalent bonds lead-

ing to stronger bonding : pathway-dependent self-

assembly�a kinetically controlled assembly process

where different supramolecular arrays are constructed

from a single building block as a function of the self-

assembly path. Advantageous since it is an economical

way to achive diversity.
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and addressing the adaptivity of the systems. We note
that the qualities of robustness and adaptivity can be
achieved employing coordination chemistry12,21�26

and dynamic covalent chemistry,12,27,28 which are
beyond the scope of this review. We also note that
robustness can be achieved by covalent capture of
noncovalently preorganized systems.29,30

Ionic Bonds. Bonds between oppositely charged
moieties are among the strongest noncovalent inter-
actions, and significant research effort has been de-
voted to employ Coulombic forces in self-assembly of
nanoscale systems.31�33

The ionic bonds have been recently utilized to
create assemblies based on a combination of doubly
charged ionic liquids (dications) that uponmixing with
various polyanions produce networks with high
viscosity.34 When a dication bearing two covalently
linked tetraalkyl phosphonium moieties is combined
with a porphyrin tetracarboxylate, the resultant system
exhibits remarkable viscosity of 106 Pa 3 s at ambient
conditions (Figure 1). In fact, this material has solidlike
properties, indicated by its relative values of the stor-
age and loss moduli (∼107 and 106 Pa, respectively),
and can be pulled into fibers from hot melts and
molded into shape-persistent structures (Figure 1c).
The system is created by neat ionic compounds, and is
sensitive to the presence of polar solvents. Conse-
quently, the decrease in viscosity of several orders of
magnitude occurs with the addition of small amounts
of water, as observed in diphosphonium/polyacrylate
ionic networks.35 The design of ionic networks em-
ploys the interaction of multiply charged species,
similar to that utilized in a variety of assemblies based
on charge compensation (see below). The ionic net-
works appear to be generally accessible via a design
involving ionic liquids bearing several charged groups
and a complementary oppositely charged polyion.36

The internal structure of the ionic liquids is yet to be
addressed.

In general, electrostatic interactions depend on
solvent polarity. For example, in water, an average
binding energy between a pair of oppositely charged
ions is estimated to be as low as ∼5 kJ/mol.37 Thus,
screening the charges by a solvent should be taken
into account if the ionic systems are to be assembled
in solution, which is the most convenient fabrication
methodology. In polar solvents, and especially in
water, only multiple ionic bonds in small molecular
systems,38�42 polymers,43�45 or in combination with
other types of bonds31,32 result in sufficiently robust
systems. The term ionic self-assembly (ISA)31 has been
introduced for systems that exhibit multiple and co-
operative binding modes in order to distinguish them
from plain electrostatic interactions. Thus, interactions
of oppositely charged polyelectrolytes involvemultiple
ion bonds, leading to strong bonding. Secondary
interactions such as π-stacking and hydrophobic

bonding play a significant role in ISA, resulting in
higher degree of order and structural hierarchy.31,32,46

Importantly, the addition of large amounts of salts
results in weakening of the ionic bonds since Coulom-
bic forces are screened by salt ions, enabling disas-
sembly to render strongly bonded systems adaptive.31

Electrostatic assemblies can be also sensitive to solvent
polarity and changes in pH. Importantly, the ionic
bonding motif is general and a variety of charged
molecules are readily accessible, providing a vast self-
assembly tool-box. Excellent reviews of the field are
available.32,45,46 We review here a number of systems
that involve strong bonding and can be prepared with
a high degree of structural control at the nanoscale,
suggesting strategies toward rational design of robust
noncovalent materials.

Layer-by-layer (LBL) self-assembly of oppositely
charged polymeric electrolytes (polycations and
polyanions) attached to a substrate represents the
most mature and widely employed methodology for
the creation of robust systems based on ionic self-
assembly (Figure 2).43,47,48 In most cases, stable solid-
state materials are targeted, hence their reversible
disassembly was not addressed in the majority of
the systems under study. Yet, in general, the polyion
LBL assemblies exhibit adaptivity: they can be an-
nealed via simple immersion in salt solution as a result
of electrolyte-induced screening of ionic bonds.43

Figure 2. Filmdeposition using slides and beakers. (a) Steps
1 and 3 represent the adsorption of a polyanion and
polycation, respectively, and steps 2 and 4 are washing
steps, leading to the simplest film architecture, (A/B)n. More
complex film architectures require only additional absorp-
tion/washing steps and a different deposition sequence.
(b) The first two adsorption steps, depicting film deposition
starting with a positively charged substrate. Counterions
are omitted for clarity. (c) Chemical structures of two typical
polyions, the sodium salt of poly(styrene sulfonate) and
poly(allylamine hydrochloride). Adapted with permission
from ref 43. Copyright 1997 American Association for the
Advancement of Science.
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Advantageously, in LBL self-assembly, various materi-
als can be incorporated in multilayer films, whose
structure is easily controlled by the deposition
sequence.43,47�50 Electrostatic and other types of LBL
assembly have been utilized to create robust composite
materials with unique mechanical and optoelectronic
properties.50�54

Overall, LBL-based systems are robust and can be
rationally designed since their structure is controlled
by the deposition sequence. However, once created,
they cannot be reversibly disassembled, as their multi-
layer structure would not spontaneously reassemble in
one step. Nevertheless, noncovalent LBL systems can
be stimuli-responsive and self-healing.54

When the oppositely charged ISA moieties are
assembled in solution without using a solid support,
direct control of structure is more challenging than

in substrate-based LBL. However, in systems where
π-stacking and hydrophobic forces cooperate with ionic
bonding a remarkable degree of nanoscale order can
be obtained.31,32,46 Charged aromatic dyes represent
an especially advantageous class of molecules for ISA,
as they are readily available, prone to π-stacking, and
photoactive. Thus, self-assembly of negatively charged
azo-dyes with cationic surfactants resulted in highly
organized arrays where a balance of electrostatic,
hydrophobic, and π-stacking interactions is responsi-
ble for the creation of diverse complex architectures.31

A representative system assembled from tetradecyltri-
methylammonium bromide (C14TAB) and Crystal Scar-
let (AR44) azo-dye reveals nanoscale order with phase
separation into lamella, featuring the crystalline two-
dimensional layers formed by stacked dyes (the dis-
tance between them is 3.6 Å, typical ofπ-stacking), and

Figure 3. (a,b) Formation of a primary building block (b) based on ionic bonding. (c) Model for structure of AR44:2C14TAB-
based array: the green layers correspond to the dye phase, and the red ones to the alkyl phase. The structure was elucidated
using X-ray diffraction methods. Adapted from ref 55. Copyright 2002 American Chemical Society.

Figure 4. (a) Chemical structure of the zwitterion. (b) TEM image of a vesicle. (c) Model for the bilayer comprising the vesicle
membrane. Adaptedwith permission from ref 32. Copyright 2010 Royal Society of Chemistry. Adapted from ref 62. Copyright
2008 American Chemical Society.
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ammonium alkyl moieties bound to the dyes, alternat-
ing into the two alkyl layers adjacent to the dye layer
(Figure 3).55 As the dye scaffolds are highly ordered and
parallel to each other, such systems are birefringent.56

Although mechanical properties of these assemblies
were not studied, multiple noncovalent interactions
together with the systems' crystallinity imply signifi-
cant robustness. π-Stacking/hydrophobic interactions
between the anisotropic dye molecules represent a
critical aspect in the formation of ordered 1 nm-thick
crystalline planes that are composed of tightly packed
rigid dye scaffolds in a herringbone arrangement.
Attesting to thermal stability of the system, a solid�
solid transition at 140 �C occurs with preservation of
the outer crystal shape of the dye layer.55 The assem-
blies are solid-state arrays that precipitate uponmixing
oppositely charged components to the point of full
charge compensation, but can be redissolved using
high concentration of salts.

Ionic bonds in combination of π-stacking/hydro-
phobic interaction of aromatic dyeswere also employed
to create well-defined responsive nanostructures57 and
supramolecular polymers in aqueous media.58 Nano-
tubes andother nanostructures basedon the interaction
of oppositely charged porphyrins have been reported,59

and ionic bonding has been utilized for self-assembly of
carbon nanotube and fullerene derivatives.51

In an “all-in-one” design strategy, H-bonding, ionic,
and π-stacking motifs were combined in a single self-
complementary zwitterionic building block, compris-
ing amino acid and guanidiniummoieties (Figure 4).60,61

This simple molecule has been shown to form
self-assembling vesicles with diameters ranging from
25 to 50 nm that feature bilayer membranes. The latter
are constructed from linear dimers stacking in an
antiparallel fashion to promote further interaction of
oppositely charged groups and additional π-stacking
between the aromatic moieties.62 The vesicles showed
pH-dependent reversible disassembly, valuable for the
development of stimuli-responsive nanocontainers.63

The zwitterion-based systems demonstrate that multi-
ple interactions of various types combined in a single
molecule act in concert to result in well-defined
assemblies. Thus, simple zwitterion molecules, giving
rise to a high degree of organization, introduce self-
complementarity as an efficient design strategy.

Multivalent electrostatic interactions between or-
ganic and inorganic moieties can be especially advan-
tageous. In a recently reported example, a dendritic
macromolecule with multiple positively charged ter-
mini strongly binds clay nanosheets (having negatively
charged surface) to form a self-assembled 3D hydrogel
network, which can be molded into shape-persistent,
free-standing objects because of its great mechanical
strength (Figure 5).19 Yet, it is remarkably adaptive:
following damage, the system self-heals rapidly and
completely. The related organic/clay LBL systems
have been reported to possess unique mechanical
robustness;52 however, their adaptivity has not been
studied.

Recent reviews on nanostructures created by
electrostatic self-assembly of multiply charged in-
organic nanoscale objects such as polyoxometallates
(POMs),33,64,65 and metal or semiconductor nano-
particles66�70 are available. Although significant pro-
gress has been made in understanding the factors
controlling their self-assembly and adaptivity, mechanical
properties of such systems have not been addressed.

Overall, ionic self-assembly is advantageous due to
its generality, strong bonding, and structural control
(especially in LBL assemblies). The noncovalent mate-
rials based on a combination of ionic and π-stacking/
hydrophobic interactions demonstrate nanoscale or-
der, robustness, and multiple stimuli-responsiveness
that are very promising for materials applications.
Hybrid systems take advantage of rigidity (inorganic
moiety), flexibility (organic moiety), and multivalency:
for example, multiply charged inorganic moieties such
as clay nanosheets greatly enhance robustness of
noncovalent systems.19,52,71

Figure 5. Hydrogelation process: (a) Clay nanosheets (CNSs), entangled with one another, are (b) dispersed homogeneously
by interaction of their positively charged edge parts with anionic sodiumpolyacrylate (ASAP). (c) Upon addition of a dendritic
binderG3, exfoliatedCNSs (whose surface is negatively charged) are cross-linked to develop a 3Dnetwork. (d�f) Photographs
showing the evolution of the systems upon addition of the components. Adapted with permission from ref 19. Copyright
2010 Nature.
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Multivalent Host�Guest Interactions. Multivalent inter-
actions are pivotal for creating robust noncovalent
systems,11,72�74 and examples of multivalent electro-
static interactions are described in the previous section.
Here we focus on noncovalent systems that employ
other types of interactions (host�guest) and involve
interfaces (created by solid surfaces, dendrimers, and
nanoparticles) covered with noncovalent binders
(ligands). Such interfaces can be viewed as multivalent
noncovalent entities, resulting in strong binding if the
geometries of the binding moieties are optimized to
promote a maximal number of noncovalent inter-
actions.72,75 One of the most developed systems in-
volves interfaces functionalized with β-cyclodextrin
(CD), a host ligand having a hydrophobic cavity that
can bind organic guest molecules (e.g., adamantane
(Ad) and ferrocene (Fc)) in aqueous media, forming
complexes through hydrophobic interactions.11,17,76

While the binding constant of a single CD�Ad inter-
action is ∼1 � 105 M�1, multiple CD�guest interac-
tions are several orders of magnitude stronger (see
later).

Multivalent interactions between β-cyclodextrin
self-assembled monolayers (CD SAMs) and molecules
modified with multiple hydrophobic guest moieties
have been studied. The binding of adamantyl-termi-
nated dendrimers, with 8, 16, and 32 adamantyl end
groups to CD SAMs results in thermodynamically

stable assemblies, showing no appreciable desorption
in pure water.77 Although the desorption rate for the
generation-4 dendrimer, which has four interactions
with the CD SAM, is extremely slow, it can be acceler-
ated in the presence of high concentrations of CD,
enabling adaptivity of the system.77 In another ap-
proach, redox chemistry has been used to achieve
adaptivity, bringing about reversible desorption of
strongly bound Fc-based dendrimers from CD SAMs.78

Furthermore, various nanoparticles have been strongly
yet reversibly bound to surfaces using dendrimers as
“supramolecular glue”,79,80 including the possibility to
construct LBL-type systems.81�83 The robustness of
these systems enabled fabrication of electronic devices
that allow control over rectification in supramolecular
tunneling junctions.84

Addressing the fundamental question of how
strongly multivalent interactions enhance binding
constants, it was found that the divalent interaction
at the CD SAMs resulted in a binding constant of 1010

M�1, 3 orders of magnitude higher than that for the
correspondingdivalent interaction in solution (107M�1).85

This large effect is due to a difference in effective
concentration, and was rationalized using a probing
volume concept. Thus, the probing volume for the
uncomplexed guest at the surface is less than half of
that in solution, where only a single cavity is available in
a larger probing volume, resulting in much stronger

Figure 6. (a) Preparation of the hybrid particle bridges held together by a “supramolecular glue” (Ad dendrimer/Au-CD) on a
topographically patterned CD SAM. (b) SEM images of the freestanding hybrid particle structures. (c) SEM images after 30 LBL
assembly cycles of Ad dendrimer/Au-CD glue holding together the PS-CD nanoparticle crystals. Adapted with permission
from ref 82. Copyright 2009 Wiley. Adapted with permission from ref 83. Copyright 2009 Wiley-VCH.
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binding to the surface than to the solution-phase
array.85

Multivalent interactions are sufficiently robust to
create free-standing nanoparticle composites. Free-
standing polystyrene (PS) nanoparticle bridges held
together by host�guest interactions between gold
nanoparticles covered with CDs and dendrimers bear-
ing adamantane moieties were obtained by transfer
printing onto topographically patterned substrates
(Figure 6).82,83 Remarkably, AFM bending test mea-
surements showed that these noncovalent systems ex-
hibited a bending modulus of 1.2 ( 0.4 GPa, similar to

that of polystyrene, attesting to remarkable robustness
stemming from multivalent noncovalent interactions.83

Importantly, molecular interactions at biological
membranes usually involve multivalent interactions,
which are stronger and more selective than monova-
lent ones.74 Similarly to the described above multi-
valent interactions at solid surfaces, such interactions
at self-assembled vesicular membranes take advan-
tage of high local concentration of the interacting
species. Thus, cyclodextrine or cucurbituril-based

vesicle membranes strongly bind multivalent guest
molecules.86�91 Adaptivity is achieved via varying
concentration of the competing ligands that attenuate
multivalent binding strength. In a related approach,
fluid supported lipid bilayers incorporating multiple
noncovalent binders provide an excellent platform
for obtaining accurate thermodynamic information
on multivalent protein�ligand interactions: these are
normally characterized by strong binding (up to nano-
molar equilibrium dissociation constants).92 Multiva-
lent host�guest interactions employing cucurbit[8]uril
that hosts two complementary pendants (viologen
and naphthoxy groups) attached to polymer chains
have been used to create robust stimuli responsive
hydrogels.93

Analogously to the systems described above, nano-
particle assemblies can benefit from the strong
multiple noncovalent interactions between capping
ligands (sometimes also employing external multiva-
lent binding moieties).67�70,94�99 Owing to their multi-
valent nature and extended binding areas, such inter-
actions can be strong enough to result in kinetically

Figure 7. (a) Chemical structures of noncovalent binders. (b) Reversible binding of AuNPs that can be controlled via redox
chemistry. (c) Left: SEM image of TF/T-AuNP 3 PQT; Right: TEM image of TF2þ/T-AuNPþPQT. Insets: photographs of the
corresponding samples. Adapted with permission from ref 100. Copyright 2009 Nature.
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trapped nanoparticles assemblies, requiring additional
energy input in order to equilibrate them.94

An example of adaptive nanoparticle assemblies is
presented in Figure 7. Here, gold nanoparticles (AuNP)
functionalzed with a variety of noncovalent binders
(a TTF-based example is shown in Figure 7) were reacted
with a polymer bearing complementary noncovalent
guest pendants, bis-paraquat cyclophanes (PMMA-
CBPQT4þ, Figure 7a).100 The ligands on the AuNPs
interacted with the paraquat rings via π�π stacking,
[C�H 3 3 3O] or [C�H 3 3 3π] interactions, resulting in the
formation of pseudorotaxanes and leading to multi-
valently bound polymer/NP aggregates, whose sizes
and solubilities can be tuned by themolar ratio between
the cyclophane and the NP capping ligands. The aggre-
gates are stimuli-responsive and can be reversibly dis-
assembled using simple redox chemistry (Figure 7b,c).

Summarizing, supramolecular multivalency is a
powerful tool for creating strongly bonded assemblies.
In particular, interfaces (solid surfaces, nanoparticles,
vesicles, etc.) covered with multiple noncovalent bin-
ders lead to strong interactions. Adaptive behavior
(disassembly) can be induced using competitive li-
gands, redox chemistry, and other stimuli. Structural
control in these systems is facilitated by the presence
of an interface that restricts and directs the self-
assembly process. The general character of multiple
noncovalent bonding at interfaces and the hybrid
nature of the systems enable a broad palette of design
approaches andpossible functionalities, advantageous
for creating adaptive nanomaterials.

Hydrogen Bonds. A significant research effort has
been devoted to developing strong H-bonding moiet-
ies (based on multiple H-bonds) leading to well-de-
fined nanoscale assemblies.101,102 Larger scale fibrous
arrays, supramolecular polymers, assembled via hydro-
gen bonds,2,26,103�105 exhibit sufficient strength and
unique adaptivity, constituting an important class of
stimuli-responsivematerials. Supramoleculardendrimers,16

capsules,106 other nanoscale systems,102,107,108 and LBL
polymer assemblies109 have been also fabricated employ-
ing multiple hydrogen bonding.

One of the most versatile binding motifs, self-
complementary 2-ureido-4[1H]-pyrimidinone (UP,
Figure 8), features strong quadruple H-bonding,
dimerizing in toluene with an association constant of
Kdim = 6 � 108 M�1.14,110 Application of such H-bond-
ing units as associating end-groups in di- or multi-
functional molecules has resulted in the formation
of supramolecular polymers with high degrees of
polymerization.2,14,15,110 These polymers have unique
temperature responsiveness due to the heat-induced
breaking of hydrogen bonding leading to depolymer-
ization, which can be reversed upon cooling (Figure 8).

Multiple hydrogen bonds have been employed to
create a supramolecular rubber, inwhichpolymer chains
are cross-linked through H-bonds.111 Unlike conven-
tional rubbers, these systems, when broken or cut, can
be repaired by bringing together fractured surfaces that
self-heal at room temperature, recovering extensibility.
These materials can be easily processed and recycled.

An interesting example of photofunctional adaptive
nanomaterial involves hydrogen bonding between
polystyrene-block-poly(4-vinylpyridinium methane-
sulphonate, P4VP(MSA)) and 3-n-pentadecylphenol
(PDP), which forms highly ordered arrays with a long
lamellar period.112 The system is green at room tem-
perature due to a photonic bandgap created by its
periodic structure (dielectric reflector). On heating,
hydrogen bonds are broken, leading to a sharp
and reversible transition to uncolored material due to
a collapse of the periodic lamellar structure responsible
for the dielectric reflectivity bandgap. Such adaptive
behavior is potentially useful for creating functional
coatings, sensors, and photonic thermoresponsive
materials. The P4VP(MSA)/PDP system has been
also used to create stimuli-responsive nanoparticle
assemblies.113

Aromatic Stacking. π-Stacking between large aro-
matic surfaces leads to strong bonding. A well-known
manifestation of strong π-stacking is the fact that large
polycyclic aromatic hydrocarbons (PAHs) have very
low solubility in organic solvents, with the larger PAHs
being practically insoluble. Computational studies

Figure 8. (a) Chemical structure of a polymer based on 2-ureido-4[1H]-pyrimidinone (UP). (b) Adaptive properties of the bulk
polymers based on UPs. (c) Schematic of a polymer structure. (d) Molecular model of a self-complementary UP2 binding unit.
Adaptedwith permission from refs 2, 15, and 110. Copyright 2001AmericanChemical Society, 2008Nature, and 2004 Elsevier,
respectively.
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revealed π-stacking energy of 16�18 kcal/mol in the
case of tetracene.114 Strong π-stacking is mostly due to
dispersion interactions,114�117 but electrostatic inter-
actions have also been suggested to play a role in
determining the structureofπ-stacked systems.116,118,119

Excellent reviews devoted to supramolecular π-stacked
systems are available.117,120�126 The recent develop-
ments in the field include synthesis and nanoscale self-
assembly of well-defined graphene-like aromatic sys-
tems, which involve very strong π-stacking inter-
actions.127�130 These systems have advantageous
electronic properties and have been utilized for device
applications.128,131

One of the most mechanically robust non-
covalent systems reported to date is based on an
aromatic peptide, owing its mechanical strength to a

three-dimensional aromatic stacking network.132,133 In
the most interesting example, mechanical properties
of nanospheres formed by the self-assembly of the
Boc-Phe-Phe-OH peptide (Boc = tert-butoxycarbonyl,
Phe = phenylalanine) were studied using AFM indenta-
tion-type experiments (Figure 9).132 The spheres de-
monstrated remarkable metallic-like point stiffness
of up to 885 N/m and a Young's modulus of up to
275 GPa, making Boc-Phe-Phe-OH nanostructures the
stiffest organic system reported to date with a stiffness
that is comparable to that of steel (ca. 200 GPa) and
carbon fibers (ca. 300 GPa).132

π-Stacking plays an important role in complex
liquid crystalline structures resulting from dendron
and rod�coil copolymer-based self-assembly.7,134,135

π-Stacked systems have been also employed in
nanoarrays mimicking solar energy conversion
functions,136,137 and self-healing systems based on
π-stacking interactions have been reported.138

Related to the possibility of rationally designing
stacked arrays, face-to-face aromatic interactions
lead to molecular stacks, whose growth is defined
by stacking geometry, often leading to well-defined
one-dimensional molecular motifs.122,124,136 The
molecular stacks can further interact resulting in
more complex structures, having morphologies
that are difficult to control, as in the case of 3D
stacked networks responsible for exceptional me-
chanical robustness of Boc-Phe-Phe-OH nano-
spheres.

Hydrophobic Interactions. Liquid water comprises a
dynamic three-dimensional network of hydrogen
bonds (∼5 kcal/mol each), which, if disrupted by
hydrophobic surfaces (Figure 10), will force them to
aggregate in order to decrease the energetically un-
favorable water/hydrophobic interface.9,139�141 Such
hydrophobic interactions are ubiquitous in biological

Figure 9. (a) Chemical structure of Boc-Phe-Phe-OH. (b) SEM image of the nanospheres. (c) Their stiffness distribution: (left)
stiffness of the spheres with diameters of approximately 200 nm; (right) stiffness of the spheres with diameters of
approximately 1 μm. Adapted with permission from ref 132. Copyright 2010 Wiley-VCH.

Figure 10. The space-filling size of the hydrophobic (red)
particle in panel a is similar to that of a methane molecule.
The hydrophobic cluster in panel b contains 135 methane-
like particles that are hexagonally close-packed to form a
roughly spherical unit of radius larger than 1 nm. For the
single cavity pictured in panel a, each water molecule can
readily participate in four hydrogen bonds. The water
molecules in panel b are not typical of the bulk and cannot
go around the hydrophobic region, having typically threeor
fewer hydrogen bonds. Adapted with permission from ref
141. Copyright 2005 Nature.
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systems, and responsible for protein folding and ag-
gregation,membrane formation, and other processes.9

Thus, water, due to its 3D network of hydrogen bonds,
can be viewed as the cohesive energy-rich “matrix”
that aspires to minimize hydrophobic surface area in
contact with it, inducing aggregation. If a rigid hydro-
phobic surface reaches several nm2, the hydrophobic
interactions may, in principle, reach a very significant
strength. For example, if rigid, flat hydrophobic sur-
faces reach more than 5 nm2 in size, the “unfavorabil-
ity” of their exposure to water is more than 30 kcal/mol,
as estimated using oil�water interfacial tension en-
ergy (70 cal/Å2), a good approximation for hydropho-
bic surfaces larger than 1 nm2.141

Self-assembly driven by relatively strong hydro-
phobic interactions in aqueous solutions has been
reported for amphiphilc block copolymers,142�145

aromatic rod-shaped molecules,146 and host�guest
complexes.147 For example, robust nanotubes self-as-
sembled from coronene amphiphiles in water and
water/THF mixtures are held together by hydrophobic
and π�π interactions.148,149 Hydrophobic interactions
also play a key role in the self-assembly of various
peptide amphiphiles,150 and contribute significantly to
the stability of LBL assemblies.151 We note that the
comprehensive theory of hydrophobic interactions is
yet to be developed.9 The complexity of the interactions
between water and large solutes precludes exact esti-
mation of interaction energies that depend not only
on overall hydrophobic surface area but also on the

shape152 and chemical nature of the solute. The intricate
dynamic behavior of a hydrogen-bonded network of
water153 also contributes to the complexity of aqueous
self-assembly. We discuss here several recent examples
of noncovalent systems where hydrophobic interac-
tions bring about strong binding, leading to robust
arrays, some of which are applicable as nanomaterials.

Hydrophobic interactions have been recently
shown to induce a dramatic change in chemical prop-
erties. Thus, pyrophoric white phosphorus (P4) is ren-
dered air-stablewithin the hydrophobic cavities of self-
assembled container (cage)molecules, formed inwater
from organic ligands and iron(II) ions (Figure 11).154

This is due to strong host�guest interactions between

Figure 11. (a) Crystal structure of the cage with entrapped P4. (b)
31P NMR spectrum showing (top) entrapped P4 peak and

(bottom)H3PO4 peak following replacement of P4with benzene andoxidation. (c) Extractionof P4 from the cagebyn-heptane
is not possible, whereas replacing P4with a suitable guest (benzene) results in the facile removal of P4 into the organic solvent
and oxidation in the presence of oxygen. Adaptedwith permission from ref 154. Copyright 2009AmericanAssociation for the
Advancement of Science.

Figure 12. Chemical structure of PP2b. PEG = polyethylene
glycol.
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the hydrophobic P4 and the cavity (matching in size
and shape), preventing release of P4 into solution. At
the same time the cavity is too small to accommodate
both P4 and O2 or oxidized species, averting phos-
phorus oxidation. The phosphorus can be released in
controlled fashion, without disrupting the cage, by
adding the competing guest (e.g., benzene).154 The
strong interactions and reusable nature of the system
may lead to new materials for storage and release of
sensitive molecules.

Hydrophobic cavities created by the interior of
coordination compounds have been employed to en-
capsulate hydrophobic moieties of fitting sizes, and
to induce unique reactivity modes.155�157 Organic
cavitands assembled via hydrophobic interactions
have been also reported.158,159

Nanostructured solid-like three-dimensional (3D)
systems such as gels, having uniformmorphology over
the entire bulk of the material and based on strong
noncovalent forces, appear to be most advantageous
in terms of robustness, adaptivity, and extended nano-
scale order. To achieve solid-like viscoelastic behavior
in supramolecular systems, 3D network based on en-
tangled linear aggregates (fibers) must form, spanning
the bulk of the system, and eventually resulting in
gelation.160 Supramolecular gels have promising ap-
plications in a large variety of fields, including medi-
cine, stimuli-responsive materials, and solar energy
conversion.160�168 Supramolecular hydrogels are com-
posed of water and a small amount (usually 0.1 to 10wt
%) of gelator molecules, and some hydrogels can
exist for long periods of time without drying.165,166,169

Figure 13. Filtration of gold nanoparticles (AuNPs covered with mercaptopropionate, Au3). (a) Photograph of the filtration
experiment: red-colored AuNP solution is passed through the membrane deposited on a syringe filter. The filtrate is almost
colorless due to the retention of larger AuNP. (b) Representative TEM images of Au3 before filtration and (c) the
corresponding particle size histogram. (d) TEM image of the filtrate and (e) the corresponding histogram. (f) TEM image of the
retentate and (g) the corresponding histogram; red lines in the histograms indicate the cutoff of the filter. (h) Cryo-SEM image
of the deposited membrane, showing uniform nanoporous structure. (i) Photographs showing the retrieval of PP2b (via
extraction with dichloromethane, DCM) and AuNPs (remains in aqueous layer) from the water/ethanol mixture. (j) Scheme of
fabrication, use, and recycling of the supramolecular membrane. Adapted with permission from ref 20. Copyright 2011
Nature.
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These systems can be also easily disassembled (e.g.,
using organic solvents) and reassembled in water,
enabling fast and facile recycling. The mechanistic
insight into hydrogel self-assembly is limited, and
many hydrogels were discovered serendipitously.166

The rational design of gels, for example, via a crystal-
engineering approach, in which the single-crystal
structure of a molecule and its interaction modes are
correlated with gelling aptitudes,170 is only starting to
emerge. We review here several recent examples of
robust water-based noncovalent (gel) networks that
demonstrate self-healing, recyclability, and nanoscale
order, representing an entry into adaptive functional
nanomaterials competitive with their covalent coun-
terparts in robustness and performance.

We have shown that the supramolecular 3D net-
works in a fluid aqueous solution and in a hydrogel
form assembled from perylene diimide amphiphile
(PP2b, Figure 12) possess exceptional robustness and
show multiple stimuli-responsiveness.171 Reversible

charging allows for switching between gel and fluid
solution states, resulting in switching on and off the
material's birefringence. Temperature-triggered shrinkage
of the gel leads to the (reversible) expulsion of the
aqueous solvent. The material deposited on the com-
mercial filters fromwater solutions (which contain self-
assembled 3D networks) creates a supramolecular
membrane with a uniform nanoporous structure
(Figure 13h) that is sufficiently robust to be used for
ultrafiltration (Figure 13).20 The membrane thickness
was readily adjusted by changing the amount of
supramolecular solution that was used for preparation.
A thin (∼12 μm) membrane was used for filtering
various gold nanoparticles and consistently showed
a 5-nm cutoff size. The membrane's permeance (pre-
ssure normalized flux) is comparable to commercially
available membranes with similar rejection pro-
perties.172 A thicker (∼45 μm) membrane was used
for chromatographic separation of 2.5�4.0 nm CdTe
quantum dots. Remarkably, due to its supramolecular

Figure 14. (a) Non-neutralized alcohol gel introduced into the neutralization bath. (b) Chain condensation and shrinkage of
the alcohol gel due to the disappearance of ionic repulsions during the neutralization step. (c) Fully neutralized shrunk
hydrogel after a complete neutralization. (d) Formation of the interphase solution and collapse of the polymer chains during
the interruption of the neutralization step. (e) Intermembrane space formation after complete condensation of the residual
polymer chains in the interphase solution. At the end of the process, the multimembrane system is thoroughly washed. (f)
Overview of the multistep neutralization process. Adapted with permission from ref 174. Copyright 2008 Nature.
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nature the membranes can be fully recycled (via dissolv-
ing by an organic solvent such as THF or ethanol,
followed by solvent evaporation, redissolving in water
and deposition on a standard commercial filter),
while the material that is caught by the filter (large
nanoparticles) can be easily separated by centrifuga-
tion or extraction and recycled as well (Figure 13i,j).
These findings demonstrate feasibility of a self-assembling

functional material based on water that is both robust

enough for practical applications and easily recyclable,
suggesting a versatile and environmentally friendly alter-
native to covalent systems.173

Judicious choice of a self-assembly pathway has
been shown to produce multilayered gel structures:
manipulating a chitosan-based gel leads to creation of
strongly bonded systems intermittent with weakly
bonded ones (Figure 14).174 In this system, first, a gel
is formed from a chitosan solution in a 50/50 water/
1,2-propanediol (other alcohols can be used as well)
following water evaporation. Second, neutralization
in a sodium hydroxide solution and subsequent

washings in water yield a physical hydrogel that con-
tains mostly water (over 95 wt %) and chitosan in the
free amine form (Figure 14). Here switching from
hydrophilic (charged) to more hydrophobic neutral
polymers produces a stable membrane, where the
polymer chains are held together by strong hydropho-
bic interactions. The formation of intermembrane
spaces (interphases) was achieved by slowing down
the neutralization (by removing the gel from the
neutralization bath or by washing with water). Remark-
ably, simple fabrication, where the number and thick-
ness of the layers can be controlled by neutralization/
washing sequences, results in tailor-made multimem-
brane structures (Figure 14). Free “intermembrane”
spaces appear to be useful for cell or drug introduc-
tion.174 Apparently, the system can be disassembled
by the addition of acid.

A combination of electrostatic and hydrophobic
interactions was utilized to assemble macroscopic
supramolecular sacs.18 When hyaluronic acid (HA,
linear negatively charged macromolecule containing

Figure 15. (a) One of themethods to form a self-sealing closed sac. A sample of the denser negatively chargedHAbiopolymer
solution is dropped onto a positively charged peptide amphiphile (PA) solution. (b) Chemical structure of the hyaluronic acid
(HA) polysaccharide. HA had an average molar mass of 1.76 MDa. (c) Chemical structure of the C16V3A3K3 (PA) used to make
sac and membrane. Adapted with permission from ref 18. Copyright 2008 American Association for the Advancement of
Science.
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a disaccharide repeat unit) was mixed with a positively
charged peptide amphiphile (PA, PAs are widely uti-
lized to form stable nanofibers175), a solid membrane
localized at the interface between the two liquids is
formed (Figure 15). A simple method that involves
injecting one solution directly into the bulk of the
other leads to either HA-filled or PA-filled sacs. Charge
compensation plays an important role in the self-
assembly process, as robust membranes are obtained
when the HA and PA solutions have high zeta poten-
tials with opposite charges. The structure of the mem-
branes as revealed by electron microscopy is highly
ordered, a consequence of (probably cooperative)
electrostatic and hydrophobic interactions. Thus, first,

an amorphous layer (region 1, Figure 16) is formed due
to a rapid diffusion of the relatively small PA molecules
and their electrostatic interactionwith HA. This triggers
the formation of parallel fibers (region 2) self-
assembled from PAs that further interact as a result
of electrostatic screening of the HAs. In the self-assem-
bly of sacs, the charge of their hydrophilic surface is
decreased by HA molecules, creating a hydrophobic
interface that induces fiber ordering and assembly.
Then ordered growth of PA-based nanofibers perpen-
dicular to the interface gives rise to a layer that reaches
1.5 μm thickness in just 30 min, and can grow further
(e.g., 20 μm in 4 days, Figure 16). Evidently, hydropho-
bic interactions following charge compensation as well
as those responsible for the formation of PA fibers play
a critical role in the self-assembly of macroscopic sac
membranes. These aremechanically robust in both dry
and hydrated states, are permeable to proteins, and
have the capability to self-seal defects instantly.18

STRONG NONCOVALENT INTERACTIONS AND
NANOSCALEDESIGN: UNDERSTANDING THEBA-
SICS AND DEVELOPING THE METHODOLOGIES

How to rationally design a nanostructure based on
strong noncovalent interactions? Although some
principles have been developed, rational design in
supramolecular chemistry remains very challenging.13

Normally, noncovalent synthesis is based on the idea
that the system rapidly equilibrates forming a single
thermodynamic product, whose structure is defined
(“encoded”) by the structure of the primary covalent
building block. This is not the case for systems with
strong noncovalent bonds, where kinetic trappingmay
result in several stable assemblies based on a single
primary building block. This complicates rational de-
sign, but enables achieving pathway-encoded self-
assembly, in which the minima on the supramolecular
reaction profile correspond to different stable struc-
tures based on a single building block (Figure 17).
Furthermore, if switching of equilibrium and none-
quilibrium modes is feasible, it may enable controlled
modification of noncovalent assemblies.

Kinetic Control and Mechanisms. Kinetically controlled
pathway-dependent self-assembly has been observed
for some amphiphilic block copolymers, where strong
hydrophobic interactions and slow dynamics of polymer
chains result in the formationof kinetic products.143,177,178

Nonequilibrium self-organization has also been em-
ployed for self-assembling inorganic nanoscale objects
and organic/inorganic hybrids.95,179,180

Usually, noncovalent assemblies based on well-

defined molecular units equilibrate rapidly under am-
bient conditions as they are held together by relatively
weak noncovalent forces, inadequate for achieving
efficient kinetic trapping. However, if strong noncova-

lent interactions are involved, kinetic control becomes

an important factor regulating the assembly process.

Figure 16. (a�c) SEM of the sac membrane as it forms over
time (HA solution side on top, PA solution side on bottom):
(a) 1 min, (b) 30 min, and (c) 4 days. (d) SEM and (e) TEM of a
cross-sectional slice of the membrane. The parallel fiber
region (arrow) between the amorphous and perpendicular
fiber zones correspond to region 2. Region 3 comprises PA/
HA fiber hybrids (see panels j,k). Darker contrast in region 2
(e) indicates positive staining of HA by uranyl acetate. (f�k)
Schematic illustration of the model for membrane forma-
tion. (f) Initial mixing at the interface. (g) Formation of
nanofibers at the interface composed of small molecules
(due to electrostatic screening by the negatively charged
polymer) creates a physical barrier between the two solu-
tions, followedby reptation ofmacromolecules through the
barrier and into the small-molecule solution (yellow arrow).
(h) Nucleation of nanofibers perpendicular to the interface
by polymer strands crossing the barrier (yellow arrow). Pink
arrows indicate attraction of PA monomer or their aggre-
gates to polymer strands as they cross the barrier. (i�k)
Schematic representation of polymer stubs (red) penetrat-
ing the diffusion barrier and inducing nanofiber assembly.
Adapted with permission from 18. Copyright 2008 Amer-
ican Association for the Advancement of Science.
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Thus, strong multiple hydrogen bond interactions can
lead to stable kinetic assemblies.102,181�184 Kinetic
control was observed in the case of self-assembly
based on strong dipolar interactions of merocyanine
dyes185�188 and squarine dyes.189 Kinetically con-
trolled processes in host�guest systems have been
also reported.190�194 Kinetically controlled self-organi-
zation of relatively small molecular amphiphiles in
water has been recently shown to control self-replica-
tion in dynamic combinatorial libraries.195,196 Pathway-
dependent alignment of supramolecular fibrils over
macroscopic scales in aqueous medium has been
demonstrated.197 Pathway-controlled nanoscale self-
assembly based on kinetic trapping can represent a
powerful tool in noncovalent synthesis,198 yet it re-
mains largely unexplored especially for well-defined,
low molecular weight building blocks. An ability to
generate diverse stable structures based on a single

molecular unit, as well as regulating supramolecular
transformations in these structures via the assembly
path would significantly enrich the methodology of
noncovalent synthesis.

Slowkinetics of self-assembly inwater alloweddirect
observation of morphological transitions leading to
formation of helical ribbons from peptide-based
amphiphiles199 and supramolecular nanotubes from a
chiral bolaamphile (Figure 18).200 Hydrophobic interac-
tions play a key role in these processes. The slowkinetics
allows unique insight into the self-assembly through
observation of multiple intermediate structures. The
evolution and ordering of the assemblies may proceed
through Ostwald ripening, which favors the growth of
larger elements over the small ones, and occurring via

exchange of individual monomers between fibers and
ribbons.200,201 Alternatively, the growth may proceed
through the fusion of fibers and ribbons. Elucidating the
exact mechanism of such assembly processes would be
of primary importance for developing rational design
strategies toward nanoscale assemblies.

Mechanistic self-assembly studies in equilibrium
systems usually rely on concentration or temperature
dependence of the self-assembly process.120,202,203

Significant progress has been made in this area; how-
ever, involvement of multiple assembly stages as well
as difficulty in obtaining direct structural information
at each stage allow only partial mechanistic insight.
Yet, experimental and theoretical frameworks for dis-
tinguishing cooperative from noncooperative pro-
cesses have been developed,204 and the importance of
solvent-mediated transformations has been demon-
strated.203 Kinetically controlled processes are beneficial
regarding mechanistic research, enabling studies of in-
dividual supramolecular transformation steps,183,188,205

which is not possible in rapidly equilibrating systems. In
general, kinetic mechanistic studies of noncovalent self-
assembly processes are scarce, while representing a basis
for mechanistic understanding in covalent chemistry.

An insight into the mechanism of noncovalent self-
assembly was obtained in a kinetic study of merocya-
nine dye aggregation.185�188 It was shown that achiral
bis(merocyanine) dye Ma (having substantial zwitter-
ionic character) self-assembles into well-defined nano-
rods through hierarchical supramolecular polymeri-
zation (also leading to gelation) based on strong
dipolar/π-stacking interactions between the dyes in
nonpolar solvents (Figure 19).206,207 Chiral bis-
(merocyanine) derivative (R,R)-M results in helical rods
as evidenced by atomic force microscopy (AFM) and
circular dichroism (CD).186 Chiral dye M exhibited rare
supramolecular stereomutation in the course of a
complex transition process from initial kinetically self-
assembled nanorods (H1) into thermodynamic nano-
rods (H2).186 The kinetic studies together with employ-
ing “majority rules” methodology (aggregates are
coassembled from enantiomeric M, (R,R) and (S,S),
of various enantiomeric excess (ee)) provided an in-
sight into the mechanism of self-assembly processes
(Figure 19).188 The first step involves the self-assembly

Figure 17. Kinetic control and pathway-dependent self-assembly leading to diversity. Diverse structures (A�D) can be
assembled from a single building block (e.g., using different energy inputs in each pathway). Controlled conversion toward
lower energies (AfBfCfD)may take place since the assemblies correspond to kinetic minima (and stable kinetic products)
along the supramolecular reaction profile. Adapted with permission from ref 176. Copyright 2011 Wiley.
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of H1-type aggregate precursors (H1*) from the in-
stantly formed unordered oligomer species D. In the
subsequent step, the initial H1* precursors grow into
elongated H1 nanorods. The kinetics of the coupled
two-step self-assembly sequence DfH1*fH1 was
evaluated by nonlinear curve fitting. The two steps
could be decoupled and analyzed independently, in-
dicating an autocatalytic nucleation�growth mechan-

ism in DfH1* process, involving the spontaneous
formation of a “critical” nucleus. In the second step
H1*fH1, “majority-rules”-directed chiral amplification
also occurs through autocatalyticmechanism (the slow
kinetics of stereomutation H1fH2 was not studied
in detail). These studies underline the importance
of autocatalysis and the initial nucleation steps, which

define the structure of the assemblies and the rate of
self-assembly processes. Thus, understanding the nu-
cleation process in kinetically controlled systems
would significantly advance our ability to control the
self-assembly outcome. Importantly, kinetic studies
on autocatalytic bacteriochlorophyll aggregation al-
lowed for estimation of a critical nucleus size (∼14
molecules),205 although its structural analysis was not
accessible. On the whole, a self-assembly process
involves both adding new units to the growing aggre-
gate and internal reorganization of the assembly, while
solvent plays an important role in these processes. The
complex balance between these parameters necessi-
tatesmechanistic research based on kinetics, structural
studies, and theory, addressing the course of assembly
evolution and the structure of intermediates and tran-
sition states.

Recently fluorescence microscopy and computer
simulations have been employed to study the surface
diffusion mechanisms of multivalent host�guest sys-
tems: the spreading of mono-, di-, and trivalent ligand
molecules (guest: Ad) on a receptor-functionalized
surface (host: CD) of molecular printboards.208 Kinetic
and thermodynamic studies in combination with
Monte Carlo simulations showed that the spreading
is directional (along a developing gradient of vacant
receptor sites) and is strongly dependent on ligand
valency and concentration of a competingmonovalent
receptor in solution. Multiple surface diffusion me-
chanisms have been identified: walking (binding
events without full detachment, involving the closest
available receptor), hopping (the same as walking,
involving more remote receptors), and flying (full
detachment and subsequent rebinding). These find-
ings provide an insight into interfacial recognition
mechanisms, underscoring the complexity of non-
covalent dynamics.

An important example indicating the importance of
kinetic trapping involves formation of hydrogels from
synthetic foldamers upon heating. The foldmers that
have pleated structure in water driven by the comple-
mentary electrostatics and hydrophobics of alternating
electron-rich 1,5-dialkoxynapthalene (DAN) and elec-
tron-deficient 1,4,5,8-napthalenetetracarboxylic acid
diimide (NDI) aromatic units are stable at ambient
conditions.209However, uponheating to80 �C irreversible
formation of ordered hydrogels was observed, indicat-
ing that the DAN-NDI foldamers represent kinetic pro-
ducts that can be converted into more stable ordered
networks.209 Interestingly, conceptually similar unfold-
ing and aggregation of proteins (naturally folded arrays)
are responsible for amyloid formation in biological
systems.210

How to distinguish kinetic form thermodynamic
self-assembly? Several observations may indicate for-
mation of kinetically trapped noncovalent assemblies:
(1) they undergo change with heating; (2) more

Figure 18. Pathway to nanotubes. (a) Chemical structure of
the primary building block. (b) Schematic of the bolaam-
phiphile unit (red, hydrophilic groups; green, hydrophobic
tails) (c) Schematic illustration of the structures. (d�i) Time-
evolution cryo-TEM images of the 1-D supramolecular
structures forming at 25 �C. Bars =100 nm. (d) Thin micro-
meter-long fibrils in fresh solution. (e) Twisted ribbons of
various widths dominate after 24 h. Colored arrowheads
that follow the periodicity along the ribbons length show
that the pitch unit of a single ribbon is fairly uniform, and
increases with an increase in the ribbon width. (f) Helically
coiled ribbons start to form with aging and comprise the
dominant nanostructure between 1 week (f) and 4 weeks
(g). Alternating arrowheads follow the helical turn and
highlight the cylindrical curvature, as opposed to the
Gaussian curvature that characterizes the twisted ribbons
shown in panel e. The gaps between coils close over time,
and (h) after 4 months nanotubes prevail. (i) Spherical
micelles of∼4 nm at 45 �C. Adapted from ref 200. Copyright
2011 American Chemical Society.
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ordered system forms upon addition of a disaggregat-
ing solvent; (3) disordered system is formed from
well-defined primary building block; (4) more than
one stable product is formed; (5) the outcome of the
assembly depends on the self-assembly pathway.

Pathway-Dependent Self-Assembly. HBr addition to dou-
ble bonds normally proceeds according to Markovni-
kov rule (hydrogen is added to the most substituted
carbon); however, when peroxides are added to the
reaction, it proceeds by a radical mechanism affording
anti-Markovnikov products. Can we manipulate supra-
molecular transformations in a similar way? In princi-
ple, it should be possible if strong noncovalent
bonds are involved, resulting in kinetic trapping of
different assemblies, whose formation may be regulated
through the assembly path. Several systems we de-
scribed above (sacs and layered gels) owe their com-
plex structure to a particular self-assembly sequence.
It was suggested that this synthetic concept can be
viewed as “synchronized self-assembly”:198 in such
process the final noncovalent assembly structure de-
pends on the sequence of the self-assembly steps,
rather than on the thermodynamic end point. Notably,
the structures of LBL-deposited systems also depend
on assembly sequences that take advantage of strong

interactions between oppositely charged electrolytes
(see above), or other types of multivalent interactions.
Pathway-dependent self-assembly has been also re-
ported for amphiphilic block copolymer systems.177,211

What is about well-definedmolecular systems? Appar-
ently, also in this case, if sufficiently strong noncova-
lent interactions are involved, kinetically controlled
and pathway-dependent self-assembly processes are
prevalent.

We have demonstrated that well-defined amphi-
philic molecular systems based on perylene diimide/
peptide conjugates exhibit kinetically controlled self-
assembly in aqueous medium, enabling pathway-de-
pendent assembly sequences, in which different or-
ganic nanostructures are evolved in a stepwisemanner
from a single building block.176 Upon assembly of PDI-
[Pt]-CFF (CFF= cystein�phenylalanine�phenylalanine)
in a water/THF = 95:5 (v/v) mixture (10�4 M), a weak
signal in the CD spectrum is observed, and cryo-TEM
reveals the formation of unordered structures (Figure 20).
To evolve the system and then induce kinetic trapping,
the water/THF = 80:20 (v/v) solution of PDI[Pt]-CFF
was kept for 40 h at room temperature (disaggregating
THF induces equilibration), followed by dilution with
water to the conditions identical to the ones used to

Figure 19. Self-assembly sequence of chiral bis(merocyanine) dyes M into helical nanorods. Instantaneous dimerization of
the chromophores leads to oligomeric species D without helical preference, which self-assemble into nanorod precursors
H1*, showing a net helicity that is proportional to the ee values of the monomer mixtures. Directed by the “majority-rules”
effect, the H1* precursors assemble into H1 nanorods with supramolecular homochirality. Thermodynamically equilibrated
H2 nanorods are formed under stereomutation from H1 nanorods in the course of several days. Adapted with permission
from ref 188. Copyright 2008 Wiley.
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form the disordered system described above (95:5 =
water/THF, 10�4 M). The evolved assembly exhibits a
strong signal in the CD spectrum (Figure 20b). The
cryo-TEM images reveal the formation of two domi-
nant structural motifs: long fibers, 4.6 ( 0.7 nm in
diameter, and at least 200 nm in length, aligned to form
ordered arrays (with interfiber distances of 4.7 (
0.8 nm), and spherical micelles with a diameter of
10.1 ( 1.0 nm (Figure 20d). Both evolved (Figure 20d)
and nonevolved (Figure 20c) systems are stable
(kinetically trapped), showing no change in structure
for at least two months. The similar system with
cystein�alanine�alanine (CAA) ligand exhibited for-
mation of various fiberlike structures that can be
kinetically trapped, allowing evolution of nanofibers
from short disordered ones into long ordered ones.176

The addition of THF to the kinetically trapped systems
leads to the evolution toward a more ordered system.
This process can be stopped by the addition of water,
and set off again by the addition of THF. Such a lock/
unlock sequence can be viewed as a supramolecular
reaction that transforms less ordered assemblies into
more ordered ones and can be triggered and stopped
at any point of evolution.

Pathway-dependent alignment of supramolecular
fibrils over macroscopic scales has been controlled
through heat treatment: the preheated self-assembled

peptide amphiphile fibers form large domains of
aligned bundles to afford mechanically stable string
gels, while unheated samples do not show gel forma-
tion.197 It was suggested that partial dehydration
upon heating is responsible for fusion of the fibers, ap-
parently driven by interfiber hydrophobic interactions.

Kinetic switching between two modes of bisurea
surfactant self-assembly has been employed to control
the morphology of the aggregates via the assembly
pathway.212 Pathway-dependent self-assembly has
been also shown to operate in combinatorial libraries
involving aromatic macrocycle/peptide conjugates
capable of hydrophobic interactions, leading to differ-
ent products depending on whether the system was
shaken or stirred.195 Such unique mechanoselective
chemistry underlines the utility of strong noncovalent
bonds for entailing pathway-dependent processes.

Complexity. If we aim at complex functions, struc-
tural complexity is required. Hierarchical noncovalent
self-assembly addresses this challenge through encod-
ing multiple interaction modes into a primary
covalent building block.3,213 In the case of strong
noncovalent interactions, the structure of the system
can be encoded also through the assembly path-
ways (see above). We review here systems based on
strong interactions in aqueous media (particularly
advantageous in terms of adaptivity and molecular

Figure 20. (a) Chemical structure of PDI[Pt]-CFF. (b) CD spectra of 10�4 M aqueous solutions of PDI[Pt]-CFF with various THF
contents. Black line corresponds to image c, red one to image d. (c) Cryo-TEM image of PDI[Pt]-CFF solution (10�4 M) in water/
THF = 95:5 (v/v). (d) Cryo-TEM image of PDI[Pt]-CFF solution (10�4 M) in water/THF = 95:5 (v/v) following addition of water to
water/THF = 80:20 (v/v) PDI[Pt]-CFF solution kept at room temperature for 40 h. Adapted with permission from ref 176.
Copyright 2011 Wiley.
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recognition147) that exemplify both the challenges and
opportunities related to the design of complex non-
covalent systems.

For amphiphilc systems in water, Israelachvili pack-
ing parameters (p = ν/al, where ν is hydrophobic
volume, a is interfacial area at the water interface,
and l is chain length normal to the surface per
molecule) can be used to predict the structure of the
self-assembled systems such as spherical micelles (p≈
1/3), cylindrical micelles (p≈ 1/2) and vesicles (p≈ 1).214

However, these parameters were developed for equi-
librium systems, and may not adequately describe the
nonequilibrium ones. Furthermore, specific structure
of the amphiphiles may significantly influence the
geometry of the assemblies, resulting in complex
structures that cannot be adequately described by
the classical “micelle�rod�vesicle�lamella” paradigm.

Recent studies on amphipilic block copolymers
revealed that their self-assemblymay result in nonclassical
structures such as disk-like, toroidal, bicontinuous,
and compartmentalized micelles, and an excellent
recent review on this topic is available.145 In particular,

Figure 21. Cryo-EM images: (a) z slices and (b) computer
visualization of a 3D reconstruction (using cryo-EM
tomography) of a bicontinuous PEO-PODMA particle,
300 nm in diameter, formed at 4 �C. Adapted with permis-
sion from refs 145 and 219. Copyright 2011 Royal Society of
Chemistry and 2010 American Chemical Society,
respectively.

Figure 22. Libraries of amphiphilic Janus dendrimers. Adapted with permission from ref 222. Copyright 2010 American
Association for the Advancement of Science.
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multicompartment micelles having core�shell�
corona morphology can self-assemble from linear
ABCblock copolymers, where A is the hydrophilic block
and B and C are hydrophobic blocks of poor compat-
ibility that eventually phase-separate.142 More com-
plex “hamburger” (sandwiched lamellas), segmented,
and “raspberry” (small spheres embedded in larger
ones) morphologies were achieved with miktoarm
and star block coplymers.142,215�218 Remarkably com-
plex, ordered structures were observed in bicontinu-
ous systems. Thus, the semicrystalline AB(C) comb-like
block copolymer poly(ethylene oxide)-block-poly-
(octadecyl methacrylate) (PEO39-b-PODMA17, PEO-
PODMA)219 forms bicontinuous spherical structures
by the slow addition of water to THF solutions and
subsequent dialysis against water. Highly ordered
systems were observed at 4 �C, and their 3D structure
was revealed by cryo-TEM tomography (Figure 21).
The structure was rationalized using thermodynamic
arguments and a modified packing parameter model.

Kinetic control was employed to create complex
one-dimensional structures (multicompartment cylin-
ders with phase-separated cores and the cylindrical

nanostructures with alternating nanostructured gold/
organic layers) based on linear poly(acrylic acid)-block-
poly(methyl acrylate)-block-polystyrene (PAA-b-PMA-
b-PS) triblock copolymer.143 The block copolymers are
assembled via specific assembly pathways through a
combination of solvent mixing and the complexation
of a charged, hydrophilic block with divalent, organic
counterions. The resultant assemblies are kinetically
trapped, yet stable, because strong noncovalent inter-
actions (electrostatic and hydrophobic) prevent the
system from thermodynamic equilibration.

“Nonclassical” self-assembly is not limited to poly-
mers. Well-defined small amphiphilic molecules are
also able to self-assemble into complex structures.
For example, it was shown that aromatic amphiphiles
may give rise to a high degree of order in aqueous
systems due to their well-defined rigid geometry and
the ability to create both face-to-face and T-stacked
motifs.220,221 Recently, it has been shown that relatively
uniform complex structures (dendrimerosomes) self-
assemble from aromatic dendrimer amphiphiles
(Figures 22, 23).222 Libraries of dendritic amphipiles
with systematically varied structures (Figure 22) al-
lowed access to a vast structural space, which resulted
from the aqueous assembly of well-defined building
blocks (Figure 23). Apparently, a relatively rigid 3D
structure of the dendrimers is responsible for the
observed structural diversity, reflecting more complex
assembly modes than could be predicted based
on packing parameters and spontaneous curvature

Figure 23. Cryo-TEM and 3D intensity profiles of (a and d)
polygonal dendrimersomes from (3,4)12G1-PE-(3,4)-3EO-
G1-(OMe)4. (b and e) Bicontinuous cubic particles coexisting
with low concentration of spherical dendrimersomes from
(3,5)12G1-PE-(3,4,5)-2EO-(OMe)6. (c and f) Micelles from
(3,4,5)12G1-PE-BMPA-G2-(OH)8. (g and j) Tubular dendri-
mersomes from (3,5)12G1-PE-(3,4,5)-3EO-(OMe)6. (h and k)
Rodlike, ribbon and helical micelles from tris12-PE-BMPA-
G2-(OH)8. (i and l) Disklike micelles and toroids from
(3,4,5)12G1-PE-(3,5)-3EO-(OMe)4. Adapted with permssion
from ref 222. Copyright 2010 American Association for the
Advancement of Science.

Figure 24. (a) Chemical structure of glycerolmono-olein. (b)
Cryo-TEM image of cubosomes, which are the square and
rounded particles with internal cubic lattices; also seen are
conventional vesicles. Adapted with permission from refs
228 and 229.Copyright 2005 Elsevier and 2001 American
Chemical Society, respectively.
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arguments. Formation of more than one type of
assemblies (Figure 23g�l) may indicate involvement
of kinetically controlled self-assembly in some of the
described systems. Although at present the assembly
outcome in dendrimer systems is difficult to predict
from the molecular structure, it is evident that self-
assembly in aqueous medium that involves rigid well-
defined building blocks leads to complex noncovalent
nanoarrays, enabling an entry into a new class of
complex systems based on relatively small molecules.
Such systems proved to possess unique functionalities:
complex self-assembled channel structures based on
π-stacking/hydrophobic interactions of well-defined
aromatic amphiphiles have been utilized in artificial
photosynthetic systems223,224 and in water/proton
transferring pores.225,226 Switchable supramolecular
nanotubes have been reported to self-assemble from
peptide�dendron hybrids.227

Aqueous self-assembly of polyalcohol-based am-
phiphiles such as glycerol mono-olein or phytantriol
leads to cubosomes;bicontinuous nanostructures
having cubic morphology created by bilayers with
complex periodic structures (Figure 24).228,229 These
systems exemplify both the questions and opportu-
nities in aqueous self-assembly: while the mechanism
of the assembly process is yet to be elucidated, the
possibility to obtain complex structures based on
simple molecular units is tantalizing. Kinetic control
has been suggested to play an important role in
cubosome formation.228 Hexasomes have been also
shown to self-assemble from several polyalcohol-
based amphiphiles.230

As summarized by Holder and Sommerdijk, “Whilst
the Israelachvili packing parameter model is still of
considerable use and can be utilized in the design of
aggregates... tailored chemical and physical interac-
tions in the self-assembled structures can over-ride this
model and induce aggregatemorphologies that might
otherwise remain inaccessible”.145

Complexity can be also achieved by self-assembly
of more than one component. Dynamic combinatorial

libraries and systems chemistry address self-assembly

in multicomponent systems231,232 Understanding of

such systems is only starting to emerge, yet, ultimately,

they provide powerful framework for achieving com-

plexity. For example, self-sorting in multicomponent

systems192,233�235 may provide means for creating

well-defined diverse coexisting assemblies and separ-

ating incompatible reagents.
The importance of nonequilibrium self-assembly

for achieving complexity is evident from the above-
mentioned examples, and far-from-equilibrium self-
assembly may lead to evenmore complex systems.95,236

Systematic research strategies addressing far-from-
equilibrium molecular self-assembly involving prede-
signed energy dissipation are yet to be developed.

There is growing evidence that noncovalent sys-
tems, more complex and robust than previously
thought, result from self-assembly in aqueous med-
ium. The factors leading to complexity include rigid
well-defined structure of building blocks, internal
phase separation, and kinetic trapping. Notably, a high
degree of structural complexity and diversity is achiev-
able through simple manipulation of building block
chemistry and self-assembly pathways.

CONCLUSIONS AND PROSPECTS

Multiple noncovalent interactions can reach signifi-
cant strengths, retaining adaptive properties charac-
teristic of noncovalent bonding. Noncovalentmaterials
based on multiple host�guest interactions exhibit
mechanical properties similar to the ones of conven-
tional polymers.83 Multiple electrostatic interactions
between organic and inorganic moieties resulted in
exceptionally mechanically robust yet self-healing
hydrogels.19 Hydrophobic interactions are sufficiently
strong to hold together an ultrafiltration membrane,
whose performance is similar to its covalent counter-
parts.20 Furthermore, organic noncovalent nanostruc-
tures can compete in stiffness with steel.132

While robustness of noncovalent materials has been
unequivocally demonstrated, their rational design is
challenging. Multiple bonding modes, low degree of
directionality, and complex interactions with solvents
preclude accurate retrosynthetic analysis. Also, me-
chanistic information is not readily available for self-
assembly processes, while constituting a basis for
rational design in covalent chemistry. In this respect,
strong noncovalent bonding, resulting in slow kinetics,
is beneficial for mechanistic studies. Recent studies of
relatively slow self-assembly processes allowed obser-
vation of intermediates in noncovalent nanofiber,176

nanoribbon,199 and nanotube200 formation. Kinetic
studies also revealed the importance of the autocata-
lysis and nucleation�growth mechanism.188 The com-
plexity of transformations in self-assembled systems
calls for an adequate mechanistic description that is
currently lacking. A number of keymechanistic aspects
must be addressed: structure of intermediates and
transition states, solvent influence, identification of
rate-determining steps, and structure of the initially
formed nucleus. Importantly, the advances in
electron microscopy techniques, and especially in
cryo-TEM,237�239 have significantly enhanced our abil-
ity to directly image noncovalent structures in solution,
and observe them as they evolve,176,199,200 which is
critical for adequate mechanistic research.
Kinetically controlled self-assembly appears to be a

rather general phenomenon in the case of strong
noncovalent bonding. This is of primary importance,
introducing a paradigm shift in the field of noncovalent
synthesis;a departure from a conventional equilibri-
um methodology, where a single thermodynamic
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assembly is expected. Nonequilibrium self-assembly
presents both challenges and opportunities: on one
hand, kinetically trapped systems are difficult to de-
sign, and complex mixtures of kinetic products are
difficult to analyze; on the other hand, diverse nano-
arrays may be assembled from a single building block
and the self-assembly outcome may be regulated via

its pathway.198 Furthermore, switching of kinetic and
thermodynamic regimes enables triggering and inter-
rupting self-assembly processes leading to controlled
evolution of noncovalent arrays.176 Thus, noncovalent
synthesis traditionally benefiting from the reversibility
of the assemblies can also take advantage of kinetic
trapping, analogously to covalent methods. Pathway-
dependent self-assembly has been successfully imple-
mented in a number of systems, emerging as a power-
ful methodology of noncovalent synthesis at the
nanoscale.18,143,174,176,197

Systems self-assembled in aqueous medium and
based on multiple noncovalent interactions can form
nanoscale arrays with astonishingly complex struc-
tures.7,145,228 The interplay of kinetic and thermody-
namic factors leading to such complexity is yet to be
understood, but the ability to assemble complex
systems from relatively simple building blocks is
appealing. Water, bringing about strong hydro-
phobic interactions as well as unique molecular
recognition,9,139�141,147 is an especially advantageous
medium (and active component) for creating complex,
robust, and adaptive systems.240 Water-based biologi-
cal systems are inspiring, while the large variety of
artificial building blocks unavailable to living organ-
isms may lead to systems superior in robustness and
having functions not present in nature.
Self-assembled noncovalent systems have been

successfully utilized in a variety of biomedical ap-
plications.165,175,241�244 Recent examples suggest that
additional applications are possible, where noncova-
lent nanostructured systemsmay perform aswell as (or
better than) conventional polymer-based materials.
For example, noncovalent systems have been utilized
as stimuli-responsive polymeric materials,2,12,15,110,245

macroscopic sacs,18 and filtration membranes.20 Re-
cyclable, self-healing, multifunctional noncovalent ma-
terials enable unique applications and may replace
some conventional covalent systems.
There are several key challenges that we need to

address in order to rationally design and synthesize
robust noncovalent nanomaterials. Mechanistic insight
would be important to create a general framework for
systematic synthetic approaches to complex noncova-
lent arrays. In this respect, understanding and control-
ling nucleation in kinetically controlled processes
appear to be critical for efficient structural design,
necessitating detailed kinetic studies, trapping and
characterization of the nuclei, and theoretical simula-
tions. Developing approaches to pathway-dependent

self-assembly where a supramolecular reaction can be
activated and stopped, resulting in the desired out-
come would enable a rich palette of synthetic strate-
gies. Studying mechanical properties and correlating
themwith the assembly structure and the noncovalent
bond strength will result in better understanding of
molecular mechanisms related to macroscopic robust-
ness. Finally, identifying and targeting applications and
functions where noncovalent materials can outper-
form the covalent ones is key to the emerging paradigm
shift related to adaptive multifunctional and recyclable
materials. Strong noncovalent interactions are beneficial
in regards to all the above-mentioned aspects.
Robust yet adaptive supramolecular systems create

a new paradigm: fully recyclable materials with practi-
cally unlimited life-span, and multifunctionality that
can be controlled by external stimuli. The range of
potential applications is enticing, and the following
questions exemplify exciting prospects in the field. Is it
possible to fabricate a coating that will self-heal upon
damage, change color on demand, and be permeable
only to certain types of molecules? Can we produce
supramolecular plastic-typematerials that are recycled
within minutes? Can one create a universal membrane
with reversibly tunable pore size that can be em-
ployed to separatemolecules, nanoparticles, and (bio)-
polymers? In targeting these applications, water-based
materials are especially appealing as they are envi-
ronmentally friendly and take advantage of unique
properties of water. Ultimately, robust water-based
noncovalent arrays that can be evolved (possibly far
from equilibrium) into a multitude of nanoscale archi-
tectures may lead to synthetic materials having com-
plexity and functionality akin or superior to those of
biological systems.
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