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1. INTRODUCTION

Nature successfully manages under extremely adverse condi-
tions to accomplish intricate functions responsible for the regula-
tion and control of the vast majority of biological processes that
eventually sustain life on our planet.1 Biological molecules are
required to carry out selective functions while often being
hindered by surrounding agents which are simultaneously com-
peting to bind the same targets. This high degree of selectivity in
nature ultimately depends on the “molecular instructions” en-
coded in the chemical structure of the interacting species respon-
sible for every single recognition or discrimination event.2 The
formation of the DNA double helix, for instance, requires the
base-pairing (sorting) of complementary nitrogenous bases
(adenine�thymine (A�T) and cytosine�guanine (C�G)).3,4

These high-fidelity recognition processes are crucial in the storage
of genetic information used in the development and functioning
of all known living organisms and some viruses. Other sophisti-
cated superstructures such as microtubules,5,6 are built upon
polymerization of dimers of two different globular proteins
(R- and β-globulin), giving rise to cylindrical micrometric
arrangements.7 The formation of heterodimers composed of
two different proteins requires the self-discrimination of equals,

and the simultaneous recognition of complementary units. In the
final instance, the small molecules of life (e.g., sugars, amino acids
and fatty acids) are able to assemble not only to form such above-
mentioned macromolecules, but also to self-sort in one of the
most efficient and complex processes known in nature to build the
functional basic unit of life: a cell.8,9 In a cell, multiple levels of
compartmentalization arising from the self-sorting of their mo-
lecular components allow the coexistence of different functional
architectures acting independently. This exceptional selectivity in
nature makes possible the existence of life on our planet.10,11

Unlike the high complexity of natural or biological architec-
tures, the majority of artificial self-assembled systems reported so
far have been investigated in isolation. This has been mainly due
to the lack of suitable characterization methods and technical or
economic constraints, which far exceed the resources of most
research institutes. However, the remarkable development of
analytical tools is increasingly enabling scientists to pinpoint
intractable problems associated to multicomponent mixtures.12

In this context, Systems Chemistry has arisen in recent years as a
new discipline that aims to investigate complex mixtures of
interacting molecules.13�17 These mixtures can give rise to out-
standing emergent properties as a result of the interaction of the
individual components and cannot be ascribed to any of their
components acting in isolation. Although this emerging discipline
is still in its infancy, ongoing research advances are enabling
current (supramolecular) chemists to unravel the behavior of
individual molecules in multicomponent mixtures and to antici-
pate the reasons that lead artificial molecules to bind or ignore a
specific partner in a complex multicomponent environment.

In this review, wewill discuss the external variables and intrinsic
factors (molecular codes) that influence the recognition or
discrimination of supramolecularly interacting chemical species
in solution.18 The comprehension of this “molecular program-
ming” in artificial systems will define the variables that control
self-sorting processes, and may ultimately contribute to a better
understanding of the self-assembly pathways in natural systems.
By restricting ourselves to noncovalent bonds and self-sorting in
solution19,20 we will not cover self-assembly processes on solid
surfaces and self-sorting phenomena based on reversible covalent
bonds.However, excellent reviews have recently become available by
De Feyter18 and Otto,13,14 which cover these topics.

2. SELF-SORTING: DEFINITION, TYPES, AND
INFLUENCE OF EXTERNAL VARIABLES

2.1. Definition and Types
The behavior of individual synthetic molecules in complex

systems was first investigated in mixtures of different helical

Received: October 25, 2010



5785 dx.doi.org/10.1021/cr100357h |Chem. Rev. 2011, 111, 5784–5814

Chemical Reviews REVIEW

metal complexes.19 Lehn and co-workers studied the coassembly
of a mixture of two tris-bipyridine ligands (1 and 2 in Scheme 1),
previously demonstrated to self-assemble independently in the
presence of Ni(II) and Cu(I) ions into well-defined triple and
double helicates, respectively. When a mixture of 2 equiv of 2, 3
equiv of 1, 3 equiv of Cu+ and 3 equiv of Ni2+ was treated under
appropriate conditions, precipitation of only the corresponding
double and triple helicates in quantitative yields took place. Fast
atom bombardment (FAB) mass spectrometry and 1H NMR
experiments provided evidence supporting the recognition of the
tetrahedrally coordinating copper ions by the tritopic ligand 2
and the octahedrally coordinating nickel ions by the ligand 1,
thereby ruling out the formation of crossover, mixed or undesired
species. This singular observation was originally termed as self-
recognition, or recognition of like from unlike and self-from
nonself,19 to explain the preferential binding of like ligand strands
on like metal ions (templates) disregarding other species in
solution.

In recent years, themore general term self-sortinghas been evolved
to describe such recognition phenomena in multicomponent
mixtures based on a suggestion of Isaacs and co-workers20,21 and
nowadays largely accepted by the scientific community. Self-sorting
can be defined as high fidelity recognition between molecules (and
ions) within complex mixtures.20 If affinity for others is shown we
will call this assembly process self-discrimination (social self-sorting),22

and the affinity for itself will be called self-recognition (narcissistic
self-sorting) (Figure 1).23

Self-sorting systems can in turn be subdivided into those
displaying thermodynamic or kinetic self-sorting: they have
reached a thermodynamic equilibrium, or they can be considered
as trapped species under kinetic control. The majority of the self-
sorting systems described in literature operate under thermo-
dynamic control. Recently, Schalley and co-workers have further

classified self-sorting systems into integrative or nonintegrative.24

In nonintegrative systems, the elements of the mixture combine to
yieldmore than one final complex (Figure 1, top and bottom left)
whereas in integrative systems all species present in the mixture
are integrated into one global complex (Figure 1, bottom right).
Whereas nonintegrative systems can be composed of social or
narcissistic ensembles, integrative systems require the socializa-
tion of all elements present in the mixture, being a particular
case of social self-sorting (Figure 1, bottom right). It is easy to
imagine solvent- or temperature-dependent sequences that show
a change from nonintegrative to integrative self-sorting. We
believe that such hierarchical self-assembly sequences constitute
a pathway toward supramolecular architectures and materials
with advanced functionalities.

In general, self-sorting events are directed by the same inter-
molecular forces which govern any molecular recognition process,
i.e. hydrogen bonds,25�27 metal�ligand interactions,28�35 elec-
trostatic interactions,24π�π-stacking,36 and solvophobic effects,37,38

and therefore, the factors that determine these recognition events
will compromise the fidelity of the self-sorting processes. In the
following section we will investigate how these binding events are
compromised upon alteration of external variables or addition of
competing species at different concentrations.

2.2. External Variables and Concentration of Competitive
Species: Influence on Self-Sorting Phenomena

Similarly to any molecular recognition event or self-assembly
process, several external variables (temperature, concentration,
solvent, stoichiometry, pH, etc) can affect the outcome of a
certain self-sorting process. The presence of water, for instance,
prevents the stabilization of hydrogen-bonded assemblies39 but,
on the other hand, reinforces the interaction of nonpolar solutes
by hydrophobic effect.40,41 The effect of different variables on

Scheme 1
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individual binding events is widely applied to initiate self-assembly
processes. However, their influence in complex mixtures of
competing species, capable of self-recognizing or discriminating
through intermolecular forces remains nearly unexplored. To
date, only few authors have purposely investigated how specific
equilibria within multicomponent mixtures would respond upon
altering some external variables (concentration, temperature, pH,
and solvent) or adding competing species. We believe that such
studies will disclose important insights into the adaptation of
complex mixtures, which will enable chemists to design self-
assembledmaterials whose properties are one level closer to those
found in nature.

Isaacs and co-workers pioneeringly studied the impact of
different factors in mixtures of synthetic molecules containing
hydrogen bonding groups, previously demonstrated to un-
dergo self-assembly processes and give rise to well-defined

supramolecular architectures.20 The authors selected two Davis’
ionophores 3 and 4 (capable of self-assembling in the presence of
barium picrate into stacked decameric and octameric supramo-
lecular architectures respectively from the corresponding penta-
meric and tetrameric rosettes), Rebek’s calixarene tetraurea 5 and
molecular clip 6 (which have the ability to self-assemble into
dimeric capsules and tennis-ball-like structures, respectively),
Reinhoudt’s pyrimidine-based calixarene 7 (capable of self-
assembling into rosettes in the presence of barbituric derivative 8)
Meijer’s ureidopyrimidinone 9 (which dimerizes via comple-
mentary hydrogen bonding) and two molecular clips 10 and 11
(able to form bimolecular tweezers) (Chart 1) and studied the
behavior of this mixture in chloroform solution through 1H
NMR. On mixing 3�11 in the presence of barium picrate, the
resulting 1HNMR spectrum is nearly the superposition of the 1H
NMR spectra of the individual supramolecular architectures,

Figure 1. Schematic representation of the different types of self-sorting. Top: Self-recognition (narcissistic self-sorting). Bottom:Nonintegrative (left) and
integrative (right) social self-sorting.
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along with small—hardly distinguishable—resonances that
might correspond to small amounts of heteromeric crossover
species. These results highlight that under these experimental
conditions, the mixture of 3�11 and barium picrate clearly
undergoes—almost in its entirety—self-recognition.

In these studies, the authors also questioned to what extent
some external variables (temperature and concentration) as well
as the binding constant and presence of hydrogen-bonding
competitors at different concentrations would compromise the
self-recognition events.

(a) Temperature: At high temperatures (323 K), the reso-
nances of the rosette 73�86 and ureidopyrimidinone 92
assemblies broaden dramatically, whereas the other
resonances remain sharp, indicating their high stability.
Interestingly, as the temperature is lowered back to 263
K, the majority of the resonances sharpen and new small
resonances become noticeable, what the authors attrib-
uted to crossover species. Although self-recognition still
prevails to a great extent in this system, temperature
changes have been demonstrated to lead to an increased
amount of crossover species, i.e. larger amounts of social
products in mixtures of these pure hydrogen-bonding
assemblies (compare Figure 1).

(b) Equilibrium constants of species subjected to interaction: The
authors performed simulations of a simple two compo-
nent system comprising two monomers A and B, that can
give rise to homodimers (A�A and B�B) and a hetero-
dimer (A�B), whose equilibria are governed by three
equilibrium constants (KAA, KBB, and KAB). According to
these simulations, when the equilibrium constant of homo-
meric species is 100-fold or higher than that of heteromeric
(KAB), self-recognition products A�A and B�B repre-
sent more than 98% of the mixture. When this difference
is reduced to only 10-fold, narcissistic self-sorting still
prevails to a great extent over social self-sorting.

(c) Concentration: While the influence of concentration is
already significant for self-assembly processes of individual

species, it can be even more pronounced in complex
mixtures. Assuming the two component system A and B
outlined in the previous section and in the light of
simulation experiments, when the concentration of one
of the components (A) is remarkably smaller than that of
the other (B), self-association of A is less likely than
association with B, therefore favoring social self-sorting.
However, when the concentration of A approaches that of
B, narcissistic self-sorting dominates. These experiments
represent a rule-of-thumb for the construction of complex
self-sorting systems: self-recognition is most efficient when all
components are present at the same concentration.

(d) Concentration of competitive H-bonding species: Self-sorting
can be compromised in the presence of competitors for the
hydrogen-bonding sites. When a self-sorted mixture of the
corresponding assemblies of 3, 4, 6, 9, 10 and 11 was
treated with increasing amounts of 8, the assembly formed
by 3 is disrupted, whereas the remaining supramolecular
architectures of 4, 6, 9, 10, and 11 barely underwent any
appreciable change. These observations highlight that
the presence of competitors in high concentration may
provoke remarkable changes in some assemblies or, on
the other hand, simply indifference. The match or
mismatch of the hydrogen-bonding competitors with
the members of the self-sorted mixture in this particular
example plays a major role in the destabilization of
preformed assemblies and the formation of new cross-
over species.

The external variables that compromise the self-sorting
of mixtures of thermodynamically equilibrated H-bonding
species, however, may not necessarily apply to self-sorted
mixtures involving other, for example, stronger noncovalent
interactions. In fact, recent studies have demonstrated
that an increase of temperature can provoke quite distinct
effects in multicomponent metal coordination-driven self-
assembled polygons.42 Stang and co-workers investigated the
self-sorting ability of nine different metallosupramolecular

Figure 2. (a) Chemical structure of the building blocks applied by Stang
and co-workers in self-sorting experiments. (b) Graphical representation
of diverse coordination-driven self-assembled systems: small rectangle
(RS), large rectangle (RL) and small distorted triangular prism (DTPS)
for SS1, and small rhomboid (RhS), large rhomboid (RhL), and small
triangle (TS) for SS2.

Chart 1
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architectures by simultaneous mixing of organoplatinum accep-
tors (molecular clips 12 and 16 in Figure 2) and different
pyridyl donors, well-known to self-assemble in isolation into a
wide variety of discrete supramolecular 2D rectangles, trian-
gles and rhomboids and 3D triangular prisms or bipyramids.
Each mixture was demonstrated to self-sort into multiple
discrete supramolecular polygons, precluding the less stable
disordered social assemblies.43

Two different mixtures of compounds 12�15 on one hand
(SS1) and 13 and 16�18 on the other hand (SS2) (Figure 2b)
were subjected to temperature and solvent changes and their
influence on the self-sorting phenomena was subsequently
investigated.
(a) Temperature: At ambient conditions, disordered oligo-

meric structures are formed as major species by random
combinations of the molecular subunits. These results
reveal that the self-assembly process occurs extremely

slowly at room temperature and the equilibrium is not
reached even after 20 days. However, an increase of
temperature to 65�70 �C for 24 h causes a significant
increase in the rate of the self-assembly process and
the initially disordered species can be dynamically
self-corrected to the thermodynamically preferred dis-
crete supramolecular entities.44 These findings are in
sharp contrast with those observed by Isaacs in H-bond-
ing self-sorted mixtures (Chart 1), where an increase of
temperature provoked the destabilization of some of
the individual pairs. This notable divergence arises,
however, as a simple consequence of the different
temperatures required in both systems to reach thermo-
dynamic equilibrium: Isaacs’ hydrogen-bonded mixtures
are able to reach thermodynamic equilibrium at ambient
conditions, whereas the higher binding strength of
metallosupramolecular interaction requires a higher

Figure 3. Schematic representation of the different molecular codes considered in this review.
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thermal energy to self-correct kinetically trapped species
toward the thermodynamically most favored self-sorted
architectures.

(b) Solvent: Self-assembly processes are known to be highly
sensitive to changes in solvent owing to the different
thermodynamic stabilities of intermediate and final species
formed in different media.45 From among the two self-
sorted mixtures investigated in these studies (Figure 2b),
only the first one (SS1) formed from clip 12 underwent
significant effects upon changing the solvent from d6-
acetone/D2O (1:1) to either CD2Cl2 or d6-acetone/D2O
(20:1) whereas the second (SS2) formed from clip 16
showed no appreciable changes. In the particular case of
SS1, the initially organized structures RS, RL, and DTPS
could be reversibly destructed or regenerated merely by
changing the nature of the solvent. The choice of solvent
has thus been proven to be critical to the efficiency of
coordination-driven self-sorting systems.

In the light of these examples, it is evident that a certain
external variable (solvent, temperature, etc) alters not only the
stability of different noncovalent interactions but can even
modify the composition of self-assembled objects formed by
H-bonded or metallosupramolecular interactions within com-
plex mixtures. However, the effect of these variables on complex
mixtures of competing species in which several noncovalent
interactions participate—as it occurs in nature—remains mostly
unexplored.

Isaacs and co-workers investigated the influence of temperature,
concentration, stoichiometry and pH in a sophisticated 12-com-
ponent mixture in aqueous solution composed of different
compounds, previously known to generate host�guest complexes
through a wider variety of noncovalent forces (metal-coordination,
ion-dipole, solvophobic forces, π�π stacking and charge-transfer
interactions).21 As expected, pH changes cause dissociation or
stabilization of some particular assemblies due to changes in
protonation states. Interestingly, concentration changes did not
appear to influence the recognition events even at micromolar scale.
This fact is in contraposition with that observed in H-bonding
self-sorting mixtures described above. The relative stoichiometry
of some aggregates can also compromise the extent of self-sorting
or ultimately generate new assemblies. On the basis of simulation
experiments, the authors concluded that social self-sorting systems
may change partners over a relatively narrow concentration range.
This conclusion is in accordance with biological systems, in
which self-organization regulates specific reactions, often at very
dilute (nM) concentrations while competing with a myriad of
other possible reactants without physical barriers.46,47

Temperature variations, as expected, provoke substantial
changes in the outcome of the social self-sorted mixture. At high
temperatures, the 1H NMR spectra become highly complex due
to the appearance of new sets of resonances, most likely
attributed to crossover species. In addition, the system undergoes
an irreversible change when the temperature is lowered back to
ambient conditions, as a result of crossover interactions between
some of the members of the mixture.

In view of these overall studies, it is obvious that some species
respond unexpectedly to environmental changes, which on the
basis of our current knowledge precludes us from directing
specific self-sorting processes in complex mixtures without
causing undesired side effects. Current research advances based
on a larger variety of self-sorting systems, however, augur well for

the near future. These will be discussed in detail in the next
section of this review.

3. MOLECULAR CODES FOR THE SELF-SORTING OF
COMPLEX MIXTURES

Disregarding the external factors that can influence the strength
of different noncovalent interactions, in this section we will
elucidate the encoded information that makes a given molecule
in a crowded environment behave the way it does. By molecular
codes in the field of self-sorting, we refer to the intrinsic informa-
tion encoded in the molecular structure of a given interacting
species that governs the strength of the intermolecular forces of
the species with itself and with the rest of the members of the
mixture. Molecules will tend to bind their ideal partners by
establishing the maximum possible number of intermolecular
interactions, which can only take place when the interacting
species have been suitably “programmed” with molecular codes.

There are different molecular codes that have been used in the
literature by different research groups to efficiently direct self-
sorting processes (Figure 3).

(a) Geometrical complementarity by size and shape is
unquestionably the molecular code that exhibits a
strongest impact on the strength of intermolecular
interactions.48 Size and shape rule recognition events,
as illustrated by the lock-and-key-principle.49 Any kind
of species able to interact through any kind of non-
covalent force must necessarily possess complementary
geometric shapes before a subsequent recognition event
takes place. In metal-coordination systems, for instance,
ligands with different size, shape, or rigidity can self-sort
into distinct supramolecular architectures in the pre-
sence of a metal ion (Figure 2 and 3). Hydrogen-
bonding as well as charge-transfer interactions between
two given molecules require in the first instance a
geometrical fit of the molecules involved to facilitate
the approach of the donor and acceptor groups that
ultimately will interact with one another and give rise to
noncovalent bond formation.50 Van der Waals forces
and π�π stacking interactions51 are maximized as the
contact area between the interacting building blocks
increases, which indeed depends on their size and
shape.52 Size and shape codes are therefore a prerequisite
to “activate” other molecular codes, which can ultimately
drive self-sorting events.

(b) Complementarity in hydrogen-bonded systems: The match
between thehydrogen-bondingdonor and acceptor groups
can decide the outcome of self-sorting events if the size and
shape of the interacting species allows their approximation
(Figure 3). Obviously, complementary hydrogen-bonding
sites that are not geometrically well positioned will not give
rise to noncovalent bond formation.

(c) Steric effects: The presence of bulky substituents in some
of the building blocks can prevent their interactions with
sterically hindered species or eventually facilitate the
exclusive selection of unhindered components
(Figure 3). This strategy is particularly suitable because
a great number of possible structures can be ruled out
just by controlling the bulkiness of the substituents of
the interacting building blocks. However, the success of
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this approach is limited to molecules with a high
similarity both in terms of size and shape.

(d) Coordination sphere in metal-ligand interactions: The
ability of the metal ions to coordinate into different
geometries upon coordination to ligands that can satisfy
their coordination sphere is, although thus far scarcely
investigated, a powerful tool to drive self-sorting pro-
cesses. The coordination number and geometry of a
metal ion depends fundamentally on its size, charge and
electronic configuration and the availability of properly
matched ligands. Different metal ions can coordinate
alike ligands into diverse geometries (Figure 3), which
might become an increasingly relevant molecular code
in the pursuit of systems with high complexity.

(e) Charge-transfer: Attractive interactions between species
with opposing electron donating and accepting charac-
ter can also direct self-sorting processes, primarily when
their size and shape is very similar. This molecular code
is particularly attractive to create social assemblies by
organization of the donor and acceptor molecules in an
alternating fashion (Figure 3).

The final two molecular codes, coordination sphere in metal-
ligand interactions and charge-transfer, are in essence closely
related. In the case of the coordination sphere of metal-ligand
interactions, the spatial arrangement of the unoccupied orbitals
of the metal ion (acceptor) directs the coordination of the
occupied orbitals of the ligand (donor) for ligand-to-metal
systems (the contrary for metal-to-ligand systems) in a deter-
mined manner.53 Similarly in charge-transfer interactions, the
correct overlap between the HOMO and LUMO orbitals of
the donor and acceptor π-systems participating in the assem-
bly will govern the outcome of the self-sorting process.
Although these two molecular codes could be unified into
donor�acceptor interactions, we will describe them separately
owing to the dissimilarity of the respective supramolecular
building blocks.

In the following sections we will explain in more detail the
impact of these molecular codes in self-sorting events through
different examples collected from the literature.

3.1. Size and Shape
As mentioned above, size and shape are undoubtedly the

foremost variables that regulate the outcome of a self-sorting
process, as demonstrated by significant number of examples
based on hydrogen-bonding, π�π-stacking and metal ion co-
ordination molecular recognition events. Regarding metal-co-
ordination-based self-sorting systems and shortly after the
pioneering example described by Lehn,19 Raymond and co-
workers studied the self-sorting behavior of a mixture of three
rigid bis(bidentate) catecholamide ligands28 (19�21) demon-
strated in isolation to self-assemble into triple helicates of varying
size in the presence of trivalent metal ions.28 The three ligands
19�21 were designed to increase the metal�metal distance
systematically in the dinuclear helicates to probe the effect that
size has on the ability of the helicates to form by self-assembly.
Remarkably, when mixtures of any two or three of the ligands
were reacted withGa(III), only complexes containing one type of
ligand were formed and no trace of mixed-ligand species could be
observed in solution with 1H NMR or electrospray ionization
(ESI) mass spectrometry (Figure 4). Along with Lehn’s example,
this experiment revealed that self-recognition can be successfully

achieved by controlling a geometrical variable, the distance
between two metal coordination sites.

Stang and co-workers have extensively made use of rigid
pyridyl-based donors and organoplatinum acceptors for the
construction of a wide variety of coordination-driven 2D
polygons and 3D cages (see Figure 2).44,54�58 This approach
is based mainly on the size and shape that are encoded within
the individual ligand building blocks, highlighting that structur-
al information can efficiently drive the self-sorting processes,
which has also been demonstrated to be very useful in the
formation of cages.59,60 In this regard, Dalcanale and co-work-
ers succeeded in the exclusive formation of self-recognizing
nanoscale cavitand-based coordination cages (Scheme 2).59

Figure 4. Chemical structure of ligands 19�21 and schematic repre-
sentation of their self-recognition into triple helices upon treatment with
gallium (III) acetylacetonate.

Scheme 2. Self-Recognition of Cavitands 22 and 23
(R = CH2CH2Ph) into Homocages 24 and 25 upon
Addition of Pd(en)(CF3SO3)2 (en = ethylendiamine)
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These authors investigated the cage self-assembly of a series of
pyridyl-based cavitands.

On treatment with Pd(II) or Pt(II) complexes, the cavitands
self-assemble into dimeric capsules of varying depth, depending
on the length of the pyridyl anchoring units. Interestingly, a
competition experiment in which two cavitands of different
length (22 and 23) were mixed with a stoichiometric amount
of metal precursor was performed to verify whether a self-
discrimination process takes place in this system or whether, as
one might expect, a more likely self-recognition process is
operative. 1H NMR experiments of mixtures of 22, 23, and
Pd(ethylendiamine)(CF3SO3)2 in acetone-d6 showed the exclu-
sive formation of signals belonging to homocages 24 and 25
(Scheme 2). The geometrical mismatch between the biting
angles of two cavitand ligands disfavors heterocage formation
during the self-assembly process. On the basis of these observa-
tions we can conclude that self-recognition is most efficient when
the individual pairs are structurally most different from one
another.

Aside from metal complexes which are ultimately based on
metal�ligand point interactions, π�π-stacking interactions be-
tween aromatic scaffolds are also governed by the geometry of the
interacting surfaces involved.40,41 However, the surface area of
intermolecular contact is in this case remarkably large, so disper-
sion forces and desolvation are particularly important.61 Thus, a
strong influence of the size and shape of the available surface area
on the outcome of a self-sorting event is again anticipated for
compounds bearing several aromatic building blocks.

Li and co-workers have recently examined the self-sorting
behavior of a mixture containing three bay-substituted perylene
bisimide dyes 26�28 (Figure 5) that are characterized by a
different twist angle between the two naphthalimide subunits.36

It is established that bulky bay substituents twist the perylene unit
dihedrally out of the plane with angles from 0 to 37�,62�64

thereby influencing the available contact surface area for π�π-
stacking. Molecules with different twist angles were demon-
strated through 1H NMR and UV�vis spectroscopy in chloro-
form to preferentially self-recognize into segregated nanostructures,
even in the presence of other building blocks, thus revealing their
unique molecular encryption (Figure 5).

Figure 6. (a) Chemical structures and cartoon representation of cyclodextrins 29 and 30. (b) Self-assembly of isolated and mixed cyclodextrins 29 and
30. Reproduced with permission from ref 76. Copyright 2009 American Chemical Society.

Figure 5. Self-recognition of perylene bisimides 26�28 via π�π-
stacking governed by the contortion of the π-surface.
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The great majority of the examples described in literature
involving narcissistic or social self-sorting systems are investi-
gated in organic solvents. This fact is in sharp contrast with
biological systems, which operate in aqueous media. Unlike
conventional organic solvents, water molecules are arranged
into a peculiar infinite network of hydrogen bonds with a
localized structure,65 which accounts for their extraordinary
physical properties and also for the hydrophobic effect: water

molecules are predisposed to form a cage around very nonpolar
solutes to minimize solvent�solute interactions.41 Along with
the molecular codes, this premise will thus condition to a great
extent the outcome of a self-sorting process in aqueous media.

Cucurbit[n]urils (CB[n])66�68 and cyclodextrins69�71 are
undoubtedly among themost deeply investigated building blocks
within complex mixtures in aqueous media because of their
ability to form stable host�guest complexes in water. Harada and
co-workers have devoted extensive studies to the investigation of
cyclodextrin-based supramolecular architectures.72�76 Recently,
these authors have synthesized two isomers of cinammoyl
cyclodextrins 29 and 30 and investigated their self-assembly
separately in aqueous solutions (Figure 6).76 Cyclodextrin 29
was found to form a double threaded dimer (29)2, as demon-
strated by single crystal X-ray analysis and supported by pulse
field gradient (PFG)NMR experiments. In contrast, cyclodextrin
30 formed extended supramolecular polymers (30)n above a
concentration of 32 mM. Interestingly, two-dimensional (2D)-
ROESY spectra of the mixture of both isomers did not show a
correlation between the same species. Rather, correlation peaks
between cyclodextrins 29 and 30 were observed, which account
for the formation of an alternating supramolecular polymer
(29 3 30)n (Figure 6b) and not a self- or random supramolecular
complex.

Although it is evident that solvophobic forces contribute to a
great extent to this behavior, the difference in the substitution
position on a glucopyranose unit—the shape—is far from being
an innocent effect in the stabilization of these architectures.

With regards to other systems investigated in water, CB[n]
derivatives constitute prime components for the preparation of
complex self-sorting systems primarily due to their high
affinity and selectivity for a wide variety of inclusion guests.77

CB[n]s are pumpkin-shaped macrocycles featuring a hydrophobic
cavity and two identical hydrophilic carbonyl-containing portals
(Figure 7).78�80 The hydrophobic cavity can be effectively
exploited to host hydrophobic guests, whereas the hydrophilic
portals benefit from interactions with positively charged groups
through ion-dipole forces and hydrogen bonding.78 Although the

Figure 8. (a) Chemical structure of precursors 35�38. (b) Chemical structure and cartoon representation of heteroditopic 39 and 40 and their self-
sorting into alternating supramolecular polymers via integrative self-discrimination. Reproduced with permission from ref 85. Copyright 2008 American
Chemical Society.

Figure 7. (a) Chemical structure and self-assembly of axle 31 in the
presence of CB[n]s 32�34. (b) Self-sorting of a mixture of axle 31 and
CB[n]s 32 and 34.
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hydrophobic effect is a decisive factor in the interaction of
CB[n]s with guests, the affinities are ultimately determined by
the size of the hydrophobic pocket.

Isaacs and co-workers studied the binding ability of three
members of theCB[n] family (CB[6], CB[7], andCB[8]) toward
a set of up to 24 different guests with different chemical nature.77
1H NMR competition experiments were used to measure the
values of Krel for CB[6], CB[7], and CB[8] toward a variety of
guests referenced to an absolute Ka determined by UV�vis
studies. Remarkably, the authors observed a high level of selec-
tivity and affinity of eachmember of the family and also high levels
of selectivity exhibited by different members of the family for a
common guest, which anticipates their utility in the investigation
of more complex self-sorting systems. Several authors have
subsequently proven the validity of CB[n]s as ideal building
blocks for the preparation of functional biomimetic systems.81�83

Interestingly, these studies reveal that upon careful optimization
of experimental conditions, CB[n]s undergo dynamic behavior
that can be thermodynamically or kinetically controlled.

Recently, Tuncel and co-workers have investigated the self-
sorting ability of CB[n]-based pseudorotaxanes in aqueous
media.84 In a first step, the affinity of an axle 31 (Figure 7)
equipped with two recognition sites, a central hydrophobic
dodecyl chain and two diammonium triazoles, toward CB[6]
(32), CB[7] (33), and CB[8] (34) was investigated indepen-
dently through 1H NMR titrations. Driven by size selectivity and
reinforced by additional ion-dipole interactions, CB[6] prefers to
bind the diaminotriazole sites, as triazole has an appropriate size
to fill the cavity of CB[6]. In contrast and driven by solvophobic
forces, CB[8] and CB[7] encapsulate the dodecyl protons but
not the triazole units, since in this way the nonpolar spacer
maximizes the interactions with the hydrophobic cavity, thereby
finding refuge from the solvent (Figure 7a). In the next step, the
authors examined what would occur when both CB[6] and
CB[8] are available to bind with the axle (Figure 7b). 1H
NMR experiments revealed that the coexistence of both species
does not influence each other’s ability to complex with the axle, thus
enabling an integrative self-sorting process (compare Figure 2).
These findings imply that CB[8] remains associated with the
dodecyl spacer whereas CB[6] prefers to bind the ammonium
triazoles, the analogous situation to than observed in isolation.
After a certain time the reaction reaches an equilibrium resulting
in two species: hetero[4]pseudorotaxane minor and [3]pseudo-
rotaxane major species (Figure 7b). These results are likely
because of the blocking effect of the peripheral CB[6] units that
prevents CB[8] from being threaded on to the dodecyl spacer.

In addition to CB[n]s, successfully demonstrated to self-sort
into various pseudorotaxanes in aqueous media, other authors
have made use of this strategy to construct rotaxane-like supra-
molecular polymers in organic solvents. Huang and co-workers
synthesized two AB-type heteroditopic monomers 39 and 40
and investigated their coassembly into supramolecular copoly-
mers.85 Monomer 39 comprises a dibenzo-24-crown-8 (36)
unit attached to a paraquat derivative (38), whereas monomer
40 features a bis(p-phenylene)-34-crown-10 (35) connected
to a dibenzylammonium salt (37) (Figure 8). It is well-known
that crown ethers 35 and 36 can effectively form 1:1 com-
plexes with paraquat derivatives and dibenzylammonium salts,
respectively.86,87 Self-sorting experiments carried out on pre-
cursors 35�38 demonstrated that the complexation of crown
ether 35 with paraquat derivatives is much stronger than the
complexation with dibenzylammonium salts, while the

complexation of 36 with dibenzylammonium salts is stronger
than that with paraquat derivatives. These control experi-
ments anticipate that monomers 39 and 40 arrange into
alternating supramolecular copolymers (Figure 8b). A thor-
ough collection of experiments (concentration-dependent
1H NMR, cyclic voltammetry (CV), viscosity, dynamic light
scattering (DLS) and scanning electron microscopy (SEM))
demonstrated the formation of long high-molecular weight
assemblies of alternating supramolecular copolymers. This
remarkably high degree of selectivity is clearly driven by
the different size of the crown ether moieties, and the
complementarity of ion-dipole interactions between the
macrocycles and the positively charged recognition ele-
ments. Recently, this strategy has been exploited to construct
main-chain polyrotaxanes with supramolecular polymer
backbones.88

3.2. Complementarity in Hydrogen-Bonded Systems
Complementarity plays a particularly important role in the

stabilization of hydrogen-bonded assemblies,89,90 to the point
that it facilitates the approximation of the functional groups
involved.50 The pairing of nitrogenous bases (A-T and C-G) in
the DNA double helix is undoubtedly one of the most obvious
examples of complementary systems in nature.91 Although
appropriate geometrical correspondence of the interacting
groups is always a prerequisite, the match or mismatch between
the pattern of hydrogen donors and acceptors ultimately decides
the outcome of a recognition event, since in this way only the
“right” pairs are allowed to form. In the stabilization of the DNA
double helix, interactions among pyrimidines (C, T) are un-
favored because the molecules are too far apart whereas pur-
ine�purine (A, G) pairings are too close, therefore leading to
electrostatic repulsions. In the only other possible pairings (G-T
and A-C) the pattern of hydrogen donors and acceptors do not
correspond, which makes A-T and C-G the only remaining
possibility in which base-pairing can take place, stabilized both
in terms of hydrogen bond complementarity and geometrical fit.
The importance of hydrogen-bonding complementarity in nat-
ure thus anticipates its significant role in the stabilization of
artificial self-sorting systems as well.

Reinhoudt, Timmerman and co-workers investigated the self-
sorting of hydrogen-bonding-based supramolecular systems already
in 1999.25 Following their seminal work in which they studied the
formation of a (41)3 3 (42)6 box-like double rosette stabilized
by 36 hydrogen bonds upon co-assembly of calixarene-based
bismelamine derivative 41 and barbiturate 42,92 they wondered
whether the introduction of an additional bismelamine unit
would influence their behavior in the presence of barbiturate
units (Figure 9). In a similar manner to bismelamine derivatives
41a�b, tetramelamines 43a�b were demonstrated by 1H NMR
to self-assemble into tetra(rosettes), although with a remarkably
lower stability than bismelamine rosettes. When tetra(rosette)
assembly (43a)3 3 (42)12 was mixed with bismelamines 41a or
41b, the stability order was reversed, and assembly (41)3 3 (42)6
was observed to form at the expense of (43a)3 3 (42)12. The
reduced stability of (43a)3 3 (42)12 was attributed to the inward
curvature of the two rosette planes that prevent the complete
filling of the space between the two double rosettes. Finally, the
self-sorting degree in mixtures of bis- and tetramelamines in the
presence of 42 was also examined. Mixtures of 41a and 43a
or 43b in a 2:1 ratio with a slight excess of 42 exclusively
revealed the formation of homomeric assemblies (41)3 3 (42)6
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and (43)3 3 (42)12 and no trace of heteroassemblies was detected
(Figure 9b). However, when equal amounts of 43a and 43bwere
mixed with 42, heteromeric assemblies were observed. These
results are a clear consequence of the interplay of various
molecular codes, namely, molecular shape and flexibility of the
bis- or tetramelamine building blocks and hydrogen-bonding
complementarity.

The role of hydrogen bond complementarity has also been
widely explored in the field of supramolecular polymers.93�97

Meijer, Sijbesma and co-workers reported the formation of supra-
molecular copolymers based on mixtures of 2-ureido-4[1H]-
pyrimidinone 44 (Upy) and 2,7-diamido-1,8-naphthyridine 45
(Napy) building blocks (Figure 10).98 Upy units were previously
shown to yield self-complementary supramolecular polymers with
high degrees of polymerization in bulk as well as in solution with
dimerization constants (Kdim) up to 6� 107M�1 in CHCl3.

99�102

In an extension of this work, Li and co-workers have demonstrated
that quadruple hydrogen bonds between the 6[1H] tautomeric
form of 44 andNapy gives rise to complexes with binding constant
ofKa≈ 5� 106M�1(Figure 10a).103 Despite of the lower value of
this binding constant compared to the former, Upy dimers are
disrupted in the presence of one equivalent ofNapy inCDCl3. This
behavior can be rationalized by the fact that the hydrogen bonding
pattern of 45 is not self-complementary. Accordingly, saturation of
all hydrogen-bond donor and acceptor sites is only achieved in the
heteroassembled stack. On the basis of these findings, a collection
of Upy and Napy-based bifunctional monomers (46, 47) were
synthesized with the aim to study their self-assembly into supra-
molecular copolymers.98 In all cases, mixtures of linear polymers

along with their cyclic homologues were observed, as indicated by
1HNMR and viscosity experiments. Interestingly, upon titration of
bifunctional monomer 46with 47, almost insignificant amounts of
cyclic products were observed. Instead, 47 was incorporated in the
supramolecular polymer chain of 46 until an alternating copolymer
is obtained at a 1:1 ratio of monomers (Figure 10b). If the ratio of
monomer 47 exceeds that of 1:1, the excess molecules of 47 act as
end-cappers and the chain length of the polymer is reduced. The
selectivity of the copolymerization process was also examined to be
concentration-dependent by 1H NMR dilution and fluorescence
spectroscopy experiments of Upy and Napy monomers. The
combined techniques revealed a value of minimum concentration
(5� 10�5 M) above which the formation of heterodimers, that is,
self-discrimination, is favored. Shortly afterward, Zimmerman and
Park showed another beautiful example for the formation of
alternating supramolecular multiblock copolymers based on a
Napy bifunctional monomer in combination with the butylurea
of guanosine.104 The concentration and the ratio of the blocks in
the mixture were demonstrated to strongly influence the degree of
polymerization.

The concept of self-sorting has also been applied in the field of
conventional polymer science. Here, self-assembly of macromo-
lecular building blocks provides access to hierarchical functional
materials that combine a wide range of applications and may
respond to external conditions.105,106 Further elaboration toward
complex self-sorting mixtures will give rise to a large variety of
functionalized polymers with distinct well-defined architec-
tures.105,107 Nature utilizes these principles to create vast libraries
of biological materials in a simultaneous multistep self-assembly
process that is reversible, selective, self-healing and spontaneous.108

Typical examples are the biopolymers DNA and RNA, in which
the self-sorting of base pairs along a polymeric backbone with
very fewmistakes is essential for the replication and translation of
genetic material. In contrast to low molecular weight organic

Figure 10. (a) Chemical structures of precursors 44 (Upy) and 45
(Napy) and their self-assembly via hydrogen-bonding. (b) Chemical
structures of oligomeric 46 and 47 and cartoon representation of the
self-discrimination process in a mixture of both.

Figure 9. (a) Chemical structure of derivatives 41�43 and their sche-
matic representation. (b) Self-recognition process in a mixture of 41�43.
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molecules, the self-sorting phenomena in polymeric and complex
systems have been relatively less explored.97

In recent years, thermoplastic elastomers (TPEs) assembled
through bis-urea hydrogen bonding groups have been subject of

increasing investigations primarily due to their strength, high
specificity and excellent mechanical properties.109�113 Meijer
and co-workers have investigated the intercalation of small
molecules (the so-called molecular fillers) featuring urea func-
tionalities in the bis(ureido)butylene stacks of a poly(ε-
caprolactone)-based polymer.114 These authors demonstrated
that a well-defined thermoplastic elastomer 48 is efficiently
capable of incorporating in its hard segments molecular filler
49 through hydrogen bonding, as depicted in Figure 11. Inter-
estingly, upon addition of increasing amounts of molecular filler
49 to the assembly formed by the polymer 48, the Young’s
modulus increased up to 29 MPa at 28.6 mol %, which is more
than twice the value (12 MPa) of the pristine polymer 48. These
results were rationalized in terms of an intimate mixing (social
self-sorting) between the fillers 49 and the hard segments of the
polymer 48. Surprisingly, the yield stress, tensile strength, and
strain at break were not influenced with increasing amounts of
filler up to 28.6 mol %. However, when more than 28.6 mol % of
filler 49 was added, a drop in the Young’s modulus, as well as a
decreasing trend for both tensile strength and elongation at
break, was observed. Furthermore, differential scanning calorim-
etry (DSC) experiments and AFM images showed the presence
of crystallites of only the filler as a second hard phase with a
separate melting transition. The authors suggested two different
explanations to interpret these findings: either large domains of
filler are present within the polymer backbone with enough size
to be detectable by DSC or a phase separation (self-dis-
crimination) of the fillers from the polymer hard segments takes
place when the ratio of filler exceeds 28.6 mol % (Figure 11C).
More recently, Sijbesma and co-workers utilized the same
strategy by mixing pyrene-based fluorescent probes with seg-
mented polytetrahydrofuran (pTHF) block copolymers both
equipped with urea functionalities.115 Interestingly and in line
with Meijer’s results, only those pyrene-based molecules with
“matching” bis-urea moieties are randomly dispersed in the hard
blocks of pTHFs. On the other hand, when the bis-urea groups of
the pyrene and polymer probes possess a different alkyl spacer
length between the urea groups a phase separation between both
components takes place.

As a related motif to bis-urea hydrogen bonding groups,
amidinium-carboxylate ion pair has extensively been exploited
by Yashima and co-workers for the construction of double-
stranded helical polymers.116�119 In a particularly illustrative
example, the authors synthesized a double-stranded helical
polymer consisting of complementary homopolymers of chiral
amidines 50 and achiral carboxylic acids 51 with m-terphenyl
backbones (Figure 12).120 Upon mixing in THF, the self-
complementary homopolymers self-discriminate into a pre-
ferred-handed double helix through interstrand amidinium-car-
boxylate salt bridges, as supported by circular dichroism, UV�vis
and IR experiments. The mixture of 50 and 51 in chloroform,
however, forms an imperfect double helix featuring a randomly
hybridized cross-linked structure. The double-stranded helical
structure can be again recovered upon treatment with a strong
acid followed by neutralization with an amine, thereby accounting
for the reversible nature of the process. Again, complementary
hydrogen bonding groups between molecules possessing identi-
cal geometry is an efficient strategy to drive self-sorting processes.

Rebek and co-workers, as well as Atwood and co-workers,
have devoted extensive studies toward the investigation of
hydrogen-bonded self-assembled capsules.121,122 These are
formed exclusively when, and only when suitable guests are

Figure 12. Chemical structure of chiral amidine 50 and achiral car-
boxylic acid 51 polymers and cartoon representation of their social self-
sorting into a double-stranded helical polymer 50 3 51. Reproduced with
permission from ref 120. Copyright 2008 American Chemical Society.

Figure 11. Top: Molecular structure of the thermoplastic polymer 48
and molecular filler 49 and cartoon representation of their co-assembly
up to 28.6 mol % of filler 49 (A). Bottom: Schematic representation for
two possible interpretations (B and C) above 28.6 mol % of filler.
Reproduced with permission from ref 114. Copyright 2006 American
Chemical Society.
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present to fill the space inside. Thus, capsule formation is biased
by a combination of geometry, hydrogen-bonding complemen-
tarity and the choice of a proper guest. For instance, six molecules
of resorcinarene 52 (Figure 13) self-assemble into a hexameric
capsule stabilized by 60 hydrogen bonds in the presence of eight
molecules of water,122 or with wet solvents,123,124 such as CHCl3
or benzene, or in the presence of large quaternary ammonium
ions.125,126 On the other hand, resorcinarene congener cavitand
53 self-assembles into a dimeric capsule through a seam of eight
hydrogen bonds encapsulating three molecules of CHCl3. Alter-
natively, on mixing the homomeric capsules 526 and 532 a hybrid
structure 52 3 53 that coexists with the homomeric capsules
forms (Figure 13).127 These results are attributed to the fact that
both capsules share resorcinarene modules with comparable
dimensions, symmetries, and hydrogen-bonding patterns. Ac-
cordingly, their codes are too similar to afford self-recognition.
To explore the possibility to obtain high-fidelity social self-
sorting capsule systems, the authors questioned whether the
“tennis-ball” capsule 542,

128 previously known to dimerize in the
presence of small guests such as methane, could give rise to
hybrid capsules in the presence of cavitand 53.129 At first glance,

this assumption appears unlikely, given the different sizes,
symmetries and hydrogen-bonding patterns of 532 and 542.
However, molecular modeling studies suggested that a slight
torsion of the building blocks 53 and 54 can efficiently pair most
of the hydrogen bond donor and acceptors, leaving only four
imide oxygens unsatisfied. To their surprise, 1H NMR experi-
ments proved the immediate and exclusive formation of a hybrid
assembly 53 3 54 in CDCl3, whereas no sign of homomeric
capsules was observed. This social capsule was also demonstrated
to form in the presence of solvent molecules other than CHCl3
such as tetrachloroethane, p-xylene and ethane to name a few.
Although this high selectivity depends to a great extent on the
hydrogen-bonding complementarity between the interacting
capsules, the nature and size of the guest is also of importance.
The template effect of guest molecules was also recognized to
have a vital importance in the self-sorting behavior of metal-
coordination-based cages.130

3.3. Steric Factors
Steric effects arise as a consequence of the spatial arrangement

and bulkiness of atoms or substituents within a molecule.
Accordingly, they are in essence geometrical codes related to
shape. However, due to the increasing attention devoted by
several research groups to the decisive effect of steric codes in
self-sorting phenomena, we will regard them separately in an
independent section. Their contribution, however, will only play a
determinant role when the interacting building blocks are struc-
turally similar in terms of geometry and/or hydrogen-bonding
pattern.

In 2002, a decisive contribution of steric codes in self-sorting
events was investigated by Zimmerman and co-workers in
mixtures of hydrogen-bonded cyclic assemblies.27 This work
was based on earlier studies of the same group on hexameric self-
assemblies of monomers 56 composed of complementary ADD
and DDA hydrogen-bonding arrays in chloroform or even in
more polar 15% aq. THF mixtures.131 To elucidate self-sorting
effects these authors examined the influence of the attachment
of dendrons of different size (55, 56) on the self-assembly
(Figure 14).27 1H NMR, size exclusion chromatography (SEC),
and DLS experiments demonstrated the formation of cyclic
hexameric aggregates (55)6 and (56)6 from the individual
precursors in 55 and 56, respectively. Next, the authors ques-
tioned whether self-sorting in mixtures of third-(55) and first-
(56) generation monomers would take place or, on the other
hand, crossover species would form (Figure 14b). Statistically, a
mixture of up to 11 distinct hexameric aggregates is probable to
form. Interestingly, the broadness of the SEC signal at inter-
mediate mixing times suggests that many, if not all, of these
possible aggregates coexist. However, after longer periods of time
a progressive sharpening of the SEC peak takes place, suggesting
that the initial mixture of aggregates convert to a discrete
structure, different from (56)6 and (55)6. Given the low stability
of the complex (55)6, mainly because of steric constraints, the
authors hypothesized that the destabilizing steric interactions
between the peripheral dendrons can be minimized if the fully
mixed and alternating (55 3 56)3 is formed. This hexamer would
be particularly stabilized in terms of geometry, symmetry, and
hydrogen-bonding complementarity and, ultimately, biased by
steric effects (Figure 14b).

More recently, the combination of steric and electronic codes
has been applied for the self-sorting of metallosupramolecular
squares or prisms by the groups of Fujita and Stang.132,133 For

Figure 13. Chemical structures of derivatives 52�54 and energy-
minimized structures of hexameric capsule 526, cylindrical capsule
532, hybrid capsule 52 3 53, “tennis ball” 542, and hybrid capsule
53 3 54. Peripheral alkyl and aryl groups (R = C11H23, Ar = pC6H4-
N(Bu)2) in the calculated structures have been removed for clarity.
Reproduced with permission from ref 129. Copyright 2009 National
Academy of Sciences.
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instance, Stang and co-workers133 synthesized a set of unsym-
metrical bis(4-pyridyl)acetylene ligands (57�60) and investi-
gated their self-sorting behavior in the presence of Pt(II) building
blocks. All ligands are unsymmetrical, featuring one sterically
hindered pyridyl ring connected to one or more substituents
(depicted as navy blue hexagons in Figure 15) and one un-
crowded pyridyl group (depicted in green). In the absence of any
biasing interactions, there are four different isomers that may be
formed upon self-assembly with a 90� Pt(II) acceptor unit
(depicted as a golden sphere): isomer A, in which all unsymme-
trical donors are oriented in an alternating fashion leading to
identical coordination spheres at each Pt center (C4 symmetry),
isomer D, in which every acceptor is coordinated by two of the
same pyridyl moieties leading to two distinct sets of Pt corners
(D2 symmetry) and the less symmetrical isomers B and C that
contain three different types of Pt corners (symmetry CS and C2,
respectively) (Figure 15). Whereas ligands 57 and 59 may, in
theory, form four isomeric [4 + 4] assemblies when combined
with acceptor 60, an even more complex set of isomeric cycles is
possible for 58 depending on the relative orientations of theR-Cl

atoms within each square (A�D). Interestingly, upon mixing 57
and 60 in a 1:1 ratio, only one of the possible squares (isomer A)
is formed, as demonstrated by 1H and 31P NMR in CD3NO2.
This high degree of self-sorting appears to arise as a result of
interligand R-Me/R-Me steric interactions that prohibit the
coordination of two of the bulky dimethyl pyridyl moieties to
the same Pt(II) center or electronic effects associated to different
electron-donating abilities. However, the efficiency of the self-
sorting process diminishes drastically when the sterically bulky
methyl groups are replaced by one (58) or two (59) Cl atoms in
the presence of stoichiometric amounts of 60. This has been
mainly attributed to the decrease of the steric bulk of Cl atoms
and the more similar electron-donating character of Cl-substi-
tuted and unsubstituted pyridyl moieties. These conclusions
were supported by molecular modeling, which showed that the
two chlorine atoms are too remote from the Pt�N coordination
site to have any significant steric influence. These overall results
highlight that unsymmetrical ditopic ligands can effectively direct
self-sorting by steric and electronic effects, ruling out �due to
identical size and shape� any geometrical bias.

A number of groups have recently made use of steric codes to
direct the efficient self-sorting in mixtures of tetraurea calix-
[4]arenes134�136 which are known to form dimeric capsules.137,138

In a recent particularly appealing example, B€ohmer and Schalley
and co-workers studied the self-sorting behavior in a complex
mixture comprising of up to eleven structurally related building
blocks (Figure 16).135 All calixarenes (61�71) are substituted by
four urea groups on their wide rim and fixed in the cone
conformation by four pentyl ether groups (Figure 16). They thus
possess analogous size, shape and hydrogen-bonding patterns,
thereby precluding any geometrical or complementarity bias.
Their only difference concerns the nature �small or bulky� of
the peripheral substituents attached to the urea groups. Whereas
calixarenes 61�66 are known to dimerize through a seam of 16
hydrogen bonds,137,138 dimerization is obstructed when adjacent
urea residues are covalently connected139 through one or more
loops, as is the case of calixarenes 67�71. Nevertheless 67�71 still
have a strong tendency to dimerize if a suitable partner (for
instance “open chain” calixarenes 61�66)140,141 equipped with
nonbulky groups is available, whose urea substituents are small
enough to penetrate the loops.134 If, on the contrary, the substit-
uents are too bulky, dimerization does not occur. Statistically, the
11-component mixture can combine to form 66 different dimers.

Figure 14. (a) Chemical structures of third and first generation
dendrons 55 and 56, respectively and cyclic assemblies formed thereof.
(b) Possible mixed aggregates formed from mixing of (55)6 and (56)6.
Reproduced with permission from ref 27. Copyright 2002 American
Chemical Society.

Figure 15. Chemical structure and schematic representation of the
different metallosupramolecular squares that may form upon self-sorting
of ligands 57�59 and Pt(II) acceptor 60.



5798 dx.doi.org/10.1021/cr100357h |Chem. Rev. 2011, 111, 5784–5814

Chemical Reviews REVIEW

However, taking into account the above-mentioned premises and
by controlling the stoichiometry, an equimolar mixture of 61�71
should self-sort into only six different dimers: 61 3 71, 62 3 70,
63 3 69, 64 3 68, 65 3 67, and 66 3 66.

1H NMR experiments in
CDCl3 were initially performed on a slightly less complex mixture
comprising calixarenes 61, 64, 68, 71, and 66 to evaluate the self-
sorting processes. As anticipated, only the pairs 61 3 71, 64 3 68, and
66 3 66 were detected by NMR, in agreement with the rationales
explained above. Unfortunately, more complex 10 or 11-compo-
nent mixtures could not be properly analyzed by 1H NMR. The
authors therefore made use of electrospray ionization Fourier
transform ion cyclotron (ESI-FTICR) mass spectrometry to
analyze the mixtures. Initial control experiments performed on
every independent pair demonstrated that the expected dimers
61 3 71, 62 3 70, 63 3 69, 64 3 68, 65 3 67, and 66 3 66 are by far the
most abundant species. However, the spectrum of the mixture of
all eleven monomers also showed the appearance of unexpected
peaks. The authors attributed this observation to the liberation of
monomers because of the low concentration regime inwhich these
MS experiments were performed. By increasing the concentration
of hindered compounds 67�71 in a 20% excess with respect to

61�66, the equilibria could be successfully shifted back toward the
exclusive formation of the expected capsules, thereby demonstrat-
ing that small external influencemay significantly alter the behavior
of a mixture.

On the basis of pseudorotaxane structures from Huang,142 as
well as those from Stoddart andWilliams143,144 (see Scheme 3), a
series of most illustrative examples on the utilization of sterical
codes in self-sorting systems was introduced by Schalley and co-
workers. Secondary dialkylammonium ions are able to thread
through the cavity of benzo-21-crown-7 (C7) 75, leading to
pseudorotaxanes.142 Phenyl groups can effectively suffice as
stoppers in these systems to trap 75 on the axle. In contrast,
dibenzo-24-crown-8 (C8) 74 units can form pseudorotaxanes
with secondary dibenzylammonium ions, revealing that phenyl
groups are not bulky enough to act as efficient stoppers for this
larger macrocycle.143,144 These premises were subsequently
exploited to achieve efficient four component self-sorting sys-
tems composed of two crown ether units (C8 (74) and C7 (75))
and two ammonium salts (72 and 73).24 Crown ether 75 is too
hindered to slip onto axle 72 because of the presence of sterically
demanding benzyl and anthracenyl stoppers on both sides,

Figure 16. (a) Chemical structures of calixarenes 61�71. (b) Cartoon representation of the self-sorting process in the mixture of eleven tetra-urea
calix[4]arene derivatives 61�71 into their six allowed assemblies.
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whereas sterically less demanding axle 73 fits too loosely in the
larger cavity of crown ether 74 (Scheme 3a). As anticipated by
these prerequisites, the ESI mass spectrum of an equimolar
mixture of all four compounds in dichloromethane revealed
the presence of only two peaks corresponding to the complexes
76 and 77which was further confirmed by 1HNMR experiments.
This type of self-sorting was termed as nonintegrative, because it
leads to a smaller than possible set of discrete complexes from
subunits each equipped with just one binding site (Scheme 3a;
for definition see also Figure 1).

These investigations were later extended into integrative self-
sorting systems, in which more than two different subunits are
bound in two or more recognition events with positional
control.24,145 To this end, a divalent ammonium receptor axle
78 equipped with two binding sites A and B was synthesized, and
its self-sorting in the presence of crown ethers C7 75 and C8 74
was investigated. 1HNMR studies revealed that on mixing, crown
ether 75 binds exclusively at site B of 78. In contrast, the addition
of 1 equivalent of 74 provoked changes for the protons corre-
sponding to both A and B sites, but the changes in A were more
obvious, indicating that crown ether 74 prefers to bindA once the
mixture has reached the equilibrium. Accordingly, in the presence
of both crown ethers 74 and 75, 79 is the major component.

Finally, this complex was subjected to an esterification reac-
tion with benzoic anhydride to yield a “stopper cascade”. In this
rotaxane, the upper and middle phenyl ring of the axle prevent
the slipping of the C7 75 ring, whereas C8 74 can still slip over
the central phenyl group but not over C7 75, so that it is also
trapped (Scheme 3b). Recently, the same authors have expanded
this concept for the design of highly sophisticated rotaxane-based
self-sorting systems comprising multiply threaded complexes.145,146

ESI-FTICR mass spectrometry was demonstrated to be a very
useful tool to monitor the self-assembly intermediates, wrongly
assembled structures as well as the final thermodynamic products
of the self-sorted mixtures.

The examples described so far reveal that steric codes can
significantly alter the self-sorting equilibria in either metallosu-
pramolecular or hydrogen bonding-based assemblies. Their
influence in systems assembled by means of other noncovalent
forces remains, however, almost unexplored. In one distinct
example, W€urthner and co-workers studied hydrogen-bonding
and π�π-stacking driven self-assembly, co-assembly and gela-
tion ability of a series of perylene bisimide dyes functionalized
with benzamide groups at the imide position and peripherally
connected to different alkyl substituents (Figure 17).147 Solvent
and temperature dependent UV�vis and circular dichroism
(CD) experiments demonstrated that perylene bisimide deriva-
tives equipped with linear side chains (e.g., 81) formed H-type
aggregates (hypsochromically displaced major absorption band)
giving rise to red gels,148 whereas by introducing sterically
demanding branched alkyl chains (e.g., 82) the formation of
J-type aggregates (bathochromically displaced major absorption
band) yielding green gels was observed (Figure 17a).149 This
difference in self-assembly behavior was subsequently exploited
to investigate the coassembly of mixtures of perylene bisimides
equipped with linear and branched chains. UV�vis and CD
spectroscopy studies performed on 80:20 mixtures of methylcy-
clohexane (MCH)/tetrahydrofuran (THF) revealed that, when
dye 82 was mixed with dye 81 at low 82/81 ratio, an exclusive
formation of red H-type aggregates containing both chromo-
phores was observed. However, the incorporation of the more
bulky derivative 82 in these H-type π-stacks is limited to an
amount below 50% (Figure 17). This ratio implies that 82 is
incorporated in the mixed assembly with 81 in an alternate
fashion, in which unfavorable steric constraints among two
adjacent face-to-face π-stacked 82 are prevented. When the
amount of 82 approaches 50% the system separates into
H-type and J-type π-stacks and ultimately leads to a narcissis-
tic self-sorting in which 81 and 82 form their respective
independent assemblies. The latter situation is particularly

Scheme 3
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favored at high ratios of 82 due to the energetic penalty
associated with the packing of 81 into slipped J-aggregate
stacks and the steric problems encountered upon incorpora-
tion of larger amounts of 82 into more compact H-type
π-stacks (Figure 17b).

Recently, another example for the self-sorting capability of
extended supramolecular networks was reported by Moffat and
Smith.150 These authors demonstrated a significant steric influ-
ence on the self-sorting ability of three different hydrogen-
bonded organogelators. Two organogelators possess amide groups
anchored to long alkyl surface groups, whereas the remaining
gelator features carbamate groups and lacks any additional chain.
The joint effect of hydrogen bond complementarity and steric
factors was proposed to control the self-sorting process, since
only organogelators equipped with analogous hydrogen-bonding
functionalities and steric restraints were demonstrated to socia-
lize. Mixtures of the most structurally different gelators led, on
the other hand, to complete self-recognition.

3.4. Coordination Sphere in Metal�Ligand Interactions
As illustrated in previous sections, metal�ligand interactions

are most useful for the construction of supramolecular architec-
tures. We have elucidated in section 3.1 that the size, shape and
predefined geometry of organic ligands can serve as an efficient
molecular code to direct self-sorting phenomena when combined
with a metal center that is typically of ionic nature and occasion-
ally a neutral metal species (see for instance Figure 4 and
Scheme 2). The high selectivity in these recognition processes
is primarily of geometrical basis �for both illustrated systems
all possible narcissistic or social assemblies involve the same

metal�ligand point interactions� which rules out any intrinsic
influence of the metal center on the self-sorting behavior. The
situation, however, becomes far more complex if two or more
different metal ions are available to bind with one or more
ligands. Under these conditions, a wide variety of combinations
of metal complexes with numerous geometries is in theory
possible to form. This diversity of complexes will largely depend on
the coordination sphere in metal ligand interactions,53 which can
be defined as the number of ligands and their geometrical
arrangement around the metal ion. Three main factors govern
the coordination sphere in a complex: (a) the size, charge,
hardness, and polarizability of the metal ion,151,152 (b) the
identity (and sterics) of the ligands, and (c) the electronic interac-
tions between the ligands and the central metal ion.53 Ligands
will follow the principle of “maximal site occupancy”89,153,154

by realizing metal coordination at the maximum number of
available sites, which is ultimately imprinted by the interactions
between s and p molecular orbitals of the ligands and the d
orbitals of the metal ions. Transition metals with vacant
d-orbitals are known for their quite specific coordination modes
which obviously constitute most appealing molecular codes to
direct self-sorting phenomena.19,30,153 In general, ions of larger
radii give rise to high coordination numbers, especially when
the metal ion possesses a small number of valence electrons
because that would mean that the metal ion can accept more
electrons from Lewis bases, like for instance in [Mo(CN)8]

4�.
Small metal ions, on the other hand, lead to low coordination
numbers particularly if the ions are rich in electrons, so that they
are less able to accept electrons from Lewis base ligands, for
example, [PtCl4]

2�.

Figure 17. (a) Chemical structures and independent self-assembly pathways for perylene bisimides 81 and 82. (b) Self-sorting processes in mixtures of
perylene bisimides 81 and 82 depending on the relative concentration of the components in the mixture.
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This high geometrical versatility when different metal ions and
ligands are combined should place metal ion-coordination
among the most relevant codes applicable for driving self-sorting
processes in supramolecular systems. Indeed, in the field of
dynamic combinatorial libraries, the coordination geometry of
the metal ion155,156 and steric constraints157 have been applied to
drive the outcome of reversible chemical reactions. However, the
influence of such metal ion-based coordination codes in mixtures
of different metal ions and ligands has been to date practically
unexplored, which prevents us from drawing a realistic conclu-
sion about their quantitative true relevance to the field.

In their seminal work Lehn and co-workers19 took advantage of
the tetrahedral coordination of Cu(I) ions and octahedral coordi-
nation of Ni(II) ions to accomplish self-recognition in mixtures of
bipyridine-based ligands, yielding double and triple helicates re-
spectively (see Scheme 1). This example highlights that the ability
of the metal ions to coordinate into different geometries (along
with the geometry of the ligands) can direct the self-recognition
process. Nevertheless, since this early investigation little attention
has been devoted to the study of systems comprisingmore than one
metal ion in the presence of different ligands.

In an exciting example, Schmittel and co-workers have re-
vealed a self-sorting process in mixtures of four different terpyr-
idine or phenanthroline-based ligands (83�86) and two

different metal ions (Zn(II) and Cu(I)).158�160 Out of 20
possible combinations, the self-sorting library ended up with
only two metal complexes: [Cu(84)(86)]+ and [Zn(83)(85)]2+

or [Cu(83)(86)]+ and [Zn(84)(85)]2+ depending on the
relative stoichiometry chosen, as demonstrated by 1HNMR, ESI-
MS and differential pulse voltammetry (DPV). This high
degree of self-sorting has been attributed to geometrical, steric
and electronic factors and, more importantly, to the extra
stabilization gained from maximum site occupancy, that is, the
difference in coordination number associated to Zn(II) and
Cu(I). In a subsequent step these highly selective small building
blocks were implemented into three polyfunctional ligands
87�89 whose integrative self-sorting in the presence of Cu(I)
and Zn(II) led exclusively to the formation of a hitherto
unknown supramolecular structure, a trapezoidal (T) metal�
ligand assembly, whereas no trace of the other possible large (RL)
or small (RS) rectangles could be observed (Figure 18). Recently,
these authors have exploited their elegant concept for the
fabrication of a five and eight-component supramolecular triangle
from structurally similar building blocks.161,162

3.5. Charge Transfer
Electroactivemolecular materials163,164 have gained great atten-

tion in recent years for the fabrication of optoelectronic devices,

Figure 18. (a) Molecular structure of ligands 83�86 and their respective nonintegrative self-sorting. (b) Chemical structure of polyfunctional ligands
87�89 and their integrative self-sorting in the presence of Cu+ and Zn2+. Reproduced with permission from ref 159. Copyright 2009 AmericanChemical
Society.
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such as organic field effect transistors165�169 or photovoltaic
devices.170�173 An adequate control of the nanometer-scale
morphology between electroactive molecules in such systems is
a prerequisite for good performance.174,175 In the particular case of
bulk heterojunction (BHJ) solar cells, electron-donor and acceptor
molecules must segregate into chemically homogeneous domains
with typical sizes of the order of the exciton diffusion length
(10�20 nm). This arrangement requires a good balance between
phase separation into nanometric domains (narcissistic self-
sorting) and the interaction between donor and acceptor mol-
ecules of different domains (social self-sorting) to ensure an
efficient charge transfer process at the interface.

A charge transfer (CT) complex (or donor�acceptor com-
plex) is formed when two or more molecules or different parts of
a largemolecule associate, so that a fraction of electronic charge is
donated from D (donor) to A (acceptor) with weak covalent
bond formation between the molecular entities.40 In the valence
bond model this attraction can be related to the mixing of the
neutral state (AB) with a charge-separated state (A+ B�). Charge
transfer complexes manifest by the appearance of a weak
electronic transition in the long-wavelength region of the absorp-
tion spectrum. These optical transitions are often referred to as
charge-transfer bands (CT bands). Typical examples are mixtures
of electron rich aromatic amines, i.e. aniline, and electron poor
dinitrobenzenes (Figure 19a).176,177 The UV�vis spectra of
aniline or dinitrobenzenes alone in chloroform solutions are
characterized by the absence of any absorption in the visible
region. Mixtures of aniline and either 1,3- or 1,4-dinitrobenzene,
however, give rise to colored solutions as a result of the emergence

of a new charge-transfer band centered at∼480 nm.176 The pre-
sence of an intermolecular charge-transfer transition at∼300 nm
indicates the formation of a molecular complex between benzene
and 1,3,5-trinitrobenzene (Figure 19b).177 The low value of binding
constant in this system (4.1 M�1 in n-heptane) clearly reflects
that charge-transfer interactions make a very small contribution
to the stability of the ground state of π-stacked molecular
complexes.40,178 In contrast, by simply replacing the nitro groups
of 1,3,5-trinitrobenzene by alkylamide substituents, the resulting
discotic triamides are able to self-assemble into one-dimensional
rod-like associates of severalmicrometers by hydrogen-bonding and
π-stacking, affording binding constants of ∼5 � 108 M�1

in heptane.179�181

These findings highlight that charge-transfer interactions have
a remarkably smaller weight in comparison with similar systems
assembled by stronger noncovalent interactions such as hydrogen
bonds, which allows us to hypothesize that charge-transfer
contributions should have only a modest influence on the out-
come of a self-sorting mixture. Nevertheless, when the structural
similarities and the type and number of participating noncovalent
forces among the interacting molecules reach a maximum,
geometrical complementarity is obviously less relevant and
molecular codes that apparently have a small weight, such as
charge transfer interactions, become important to the point that

Figure 20. Chemical structure of phthalocyanine 90 and schematic
representation of the self-discrimination process within supramolecular
aggregates.

Figure 21. (a) Chemical structure of cage 91, and guests 92 and 93. (b)
Structure of the resulting self-assembly of inclusion complex
91 3 (92 3 93) in single crystals. (c) Guest exchange between complexes
91 3 (92)2 and 91 3 (92 3 93). Reproduced with permission from ref 188.
Copyright 2010 American Chemical Society.

Figure 19. (a) Formation of charge-transfer complexes in mixtures of aniline/1,4-dinitrobenzene (top) and benzene/1,3,5-trinitrobenzene (bottom).
(b) Absorption spectra of benzene, 1,3,5-trinitrobenzene and benzene/1,3,5-trinitrobenzene molecular complex recorded in n-heptane. Reproduced
with permission from ref 177. Copyright 1952 American Chemical Society.
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they can bias the molecular recognition events. This strategy has
been successfully applied in several examples ofπ-conjugated self-
sorting systems published in the literature.182�184

Torres and co-workers reported a convincing example in
which similar geometry of the involved molecules in the self-
sorting process allows electronic charge transfer interactions to
be the chief driving force for the social self-sorting event.184 They
reported a dimeric system composed of two phthalocyanines
covalently connected by a [2,2]paracyclophane unit (90). Each
of these covalently linked phthalocyanines possesses a different
electronic character because of the presence of electron donating
alkoxy or electron withdrawing alkylsulfonyl substituents. The
presence of a charge-transfer (CT) band in UV�vis absorption
spectra in CHCl3 demonstrated that the molecules self-sort in a
self-discriminating manner driven by their complementary elec-
tronic character (Figure 20).

In another example, Fujita and co-workers masterly cap-
tured the simultaneous influence of geometrical as well as
charge transfer codes for an efficient self-sorting process in
coordination cages.185�188 They recently reported the inter-
action of cage 91, formed by two large organic panels with
electron acceptor properties and D3h geometry, three rod-like
pillars, and six metal hinges, with naphthalenediimide acceptor
93 and three different donors (triphenylene (92), perylene,
and pyrene).188 As shown by a series of experiments, if the
number of stacked guest molecules n in the cavity (this can be
controlled simply by adjusting the length of the organic pillar
sets) is odd, alternating donor�acceptor (D�A) arrays, for
example, A�D�A�D�A, are favored, leading to self-discri-
mination driven by the electronic nature of the molecules.185

On the other hand, when n is even, such preferred alternating
D�A arrays are excluded (Figure 21), which makes the
prediction of the preferred stacked structure less trivial. A�A
interactions were apparently better tolerated than D�D inter-
actions, which turned cage 91 into a good candidate for
exchange studies. The formation of the A�D�D�A complex
91 3 (92)2 was achieved by treatment of cage 91 with pure
donor 92. Next, 1H NMR studies demonstrated that after
addition of acceptor 93 to the former assembly 91 3 (92)2,
substitution of one donor unit 92 by one acceptor 93 unit takes

place, whereas A�A�A�A stacking 91 3 (93)2, was not ob-
tained. Moreover, cold spray ionization mass spectrometry
(CSI-MS), 1H NMR spectroscopy and X-ray diffraction ex-
periments clearly supported the formation of the A�D�A�A
inclusion complex 91 3 (92 3 93) from a 1:1 mixture of donor 92
and acceptor 93 (Figure 21c). These results suggest that
charge-transfer contributions are relevant for the final arrange-
ment of the guests inside the cage.

The importance of the donor geometry could bemade evident
by the calculated energy barriers for the exchange process
between different donors (triphenylene (92), perylene, and
pyrene) and acceptor 93 from temperature-dependent 1H
NMR data. Here, the highest energy barrier was observed for
the exchange of the donor triphenylene (C3 symmetry), which is
geometrically most related to the cage panel unit. Since disper-
sion and charge transfer interactions both depend on the area of
the π�π contact surface this is a very reasonable result.

The success in the socialization of different molecules posses-
sing opposite electronic nature, is therefore, strongly dependent
on a good geometrical complementarity. When, on the other
hand, the structural fit is reduced, the weak charge transfer forces
between the interacting molecules can not overcome the penalty
associated to the loss of dispersion interactions that are in general
larger between identical molecules owing to identical size of the
contact surface. As a consequence, the equilibrium will shift from
self-discrimination toward self-recognition.189,190 In this regard,
an example from Shinkai and co-workers is quite illustrative as it
describes the self-sorting of electron rich quaterthiophene 94 and
electron poor perylene bisimide 95 organogelators.189 UV�vis,
CD and SEM studies revealed an independent formation of
oligothiophene and perylene bisimide nanofibers from a 1:1
mixture of bothmolecules, respectively, which are in contact only
in some nodes (Figure 22).

Two main reasons have been identified by the authors why
self-recognition dominates the self-assembly of these molecules:
(i) the formation of four hydrogen bonds is possible between two
quaterthiophene 94 molecules, whereas only two are formed
between two perylene bisimides 95, and (ii) a much larger
overlap of theπ-surfaces can occur if equal molecules are stacked,
that is, similar geometry of the molecules favors π-stacking in a

Figure 22. Chemical structures of 94 and 95 and representation of their “orthogonal” self-assembly into independent fibers of electron rich
oligothiophene and electron poor perylene bisimide stacks with only few p-n-heterojunction nodes (black arrows).
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self-recognition manner. These two joint effects account for the
higher binding constant of 94 (>105 M�1 in CHCl3) compared
to that of 95 (1.3 � 103 M�1 in CHCl3). Such substantial
difference (>100-fold) between the association constants
of both components suggests �as discussed by Isaacs and
co-workers�20 an efficient self-sorting process if no additional
interactions come into play. Obviously, charge transfer interac-
tions between oligothiophenes and perylene bisimides are too
weak to bias the system toward self-discrimination. Based on the
same rationale, hydrogen-bond-directed formation of nanofibers
of perylene bisimide 82 (Figure 17) was achieved in a matrix of
electron-rich semiconducting polymers to give bulk heterojunc-
tion solar cells.191

On the basis of these observations one might anticipate that
only members of a mixture featuring nearly identical geometry
and suitable complementarity of additional noncovalent forces
would allow electronic charge-transfer effects to determine the
outcome of the self-sorting process. For more complex aggregate
systems, however, this is not necessarily the case which can be
illustrated by a series of studies on the co-assembly of oligophe-
nylenevinylenes (OPVs) and perylene bisimides.192�195 Thus,
an example for an integrative co-assembly of structurally rather
dissimilar molecules is given by the OPVs 96 and the electron
poor perylene bisimides 97 (Figure 23).192,194 OPV derivative 96
features, besides a relatively large aromatic π�π-surface, a self-
complementary ureidopyrimidinone (Upy) unit on one side and
long alkyl chains on the opposite side to increase solubility in
nonpolar media. The joint contribution of π�π-stacking, quad-
ruple hydrogen-bonding, and additional peripheral van derWaals
contacts between alkyl chains leads to the formation of H-type

helical π-stacks upon self-assembly in heptane. Perylene bisimide
97, on the other hand, self-assembles in nonpolar solvents viaπ�π-
interactions and van derWaals forces among peripheral alkyl chains
into slipped stacks.196 Mixing 96 and 97 in a 1:1 ratio in hexane,
however, results in the appearance of a weak charge transfer (CT)
band in UV�vis studies, which points to the formation of a mixed
assembly of 96 and 97 (Figure 23a).194 Obviously, the opposite
electronic character of96 and97 governs the co-assembly including
self-discrimination features that are favored by the attractive charge
transfer interaction between OPV donors and perylene bisi-
mide acceptors. This effect appears to be particularly pro-
nounced for chlorinated perylene bisimides due to their
strong electron acceptor character.197

Further investigations addressed the question whether the
opposite self-sorting behavior could take place in mixtures of
structurally different OPV 98 and perylene bisimide 99, which
are designed to form a hydrogen-bonded complex with each
other (Figure 23b). UV�vis studies in heptane revealed the
appearance of a red-shifted perylene bisimide band. However,
this band was a slipped π-stack of cofacially aggregated dyes 98
and 99.194 In this mixture hydrogen-bonding and geometrical
factors are clearly the most relevant codes that govern the desired
narcissistic self-sorting of these functional dyes into supramole-
cular p-n-heterojunction π-stacks.193,195

To summarize, charge transfer interactions between donor and
acceptor π-systems in solution are very weak, and only play an
important role when other premises have been fulfilled. It is also
noteworthy to point out that charge transfer complexes are not
always easy to detect as the charge transfer bands are often hidden
beneath other absorption bands due to their low intensity.

Figure 23. (a) Chemical structure of studied OPV 96 and perylene bisimide 97 and cartoon representation of the social coassembly process.
(b) Chemical structure of modified OPV 98 and perylene bisimide 99 and schematic representation of their self-assembly into p- and n-type stacks.
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4. CHIRAL SELF-SORTING

In the previous sections, we have discussed the molecular
codes that can independently or jointly direct efficient self-
sorting processes in artificial systems. Although it must be
underlined that the molecular codes directing chiral self-sorting
are not distinct from those discussed above for “general” self-
sorting, due to the relevant implications of chiral recognition in
natural systems we will draw special attention to chiral self-
sorting systems and, as such, will regard them separately.

Chiral recognition,198�200 that is, the ability of a chiral
molecule to differentiate between two enantiomers, is of great
significance both in biological processes and organic synthesis as
demonstrated in asymmetric catalysis201�203 or enantioselective
recognition by enzymes and protein receptor sites.204,205 Never-
theless, the origin of homochirality of important natural building
blocks (e.g., L-amino acids and D-sugars and the biopolymers
derived thereof) still remains a fundamental question despite the
great efforts invested in the last decades to elucidate this
matter.206�211 A better understanding of chiral recognition is
thus a key for a more rational catalyst design for asymmetric
synthesis, newmaterials with intriguing chiral properties andmay
contribute to a better understanding of the origin of homochir-
ality in biological molecules.

In accordance with the definition of self-sorting, chiral
recognition between enantiomeric pairs can lead to self-recog-
nition or self-discrimination, depending on whether an enan-
tiomer preferentially recognizes itself or its mirror image, to
generate homo- or heterochiral self-assemblies respectively.
However, an important consideration has to be taken into
account regarding chiral systems, that is, pairs of enantiomers,
in contrast to the previously described self-sorting systems, to
which we will refer as “general”: in chiral self-sorting the
physical properties of the interacting monomers (enantiomers)
are, except for their interaction with polarized light, equal and

hence, they exhibit identical spectroscopic features. These can
only be differentiated when both enantiomers interact with
themselves or their mirror images to afford homo- or heterochiral
aggregates, which in turn possess diastereomeric nature and thus
display different spectroscopic properties. This constraint makes
the analysis of chiral self-sorting mixtures more challenging in
comparison with “general” self-sorting systems. Consequently,
the control of the molecular codes directing chiral self-sorting is a
demanding task.

As discussed previously in the section on “general” self-
sorting, size and shape are undoubtedly the most relevant
molecular codes that make a particular pair of molecules recog-
nize (or discriminate) each other. In chiral self-sorting systems
this molecular code has a lower weight, as pairs of enantiomers
possess identical size and shape and differ only in the relative
spatial orientation derived from their opposite chirality (i.e.,
mirror-image shape). This suggests that geometrical factors will
not exhibit such an overwhelming preponderance as occurred in
conventional self-sorting systems. Although in the past the
greatest attention has been devoted to the study of chiral self-
sorting upon crystallization,34,212,213 we will focus exclusively on
those investigations carried out in solution to ensure that derived
molecular codes are of thermodynamic origin.

Extended twisted π-surfaces appear to be most suitable targets
for such investigations because they combine sufficiently large
van der Waals contact areas, as required for self-assembly in
dilute solution, and pronounced chirality. Our group has very
recently reported such an example for chiral self-sorting of
atropo-enantiomeric core-twisted perylene bisimides (P) and
(M)-100.214,215 We have synthesized the chiral 1,7-disubstituted
macrocyclic perylene bisimide 100, and resolved their atropo-
enantiomers (P)-100 and (M)-100 (Figure 24) by high-perfor-
mance liquid chromatography (HPLC) using a chiral stationary
phase. The bridging unit on one π-face of 100 ensures, on one
hand, a clean dimerization process by interaction of free π-faces

Figure 24. (a) Structures of atropo-enantiomeric (P)-100 and (M)-100. (b) Structure optimization calculations performed at RI-BLYP-D/TZV(P)-
level of homo and heterochiral dimers.
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(in contrast to the common self-assembly of perylene bisimides
into extended columnar aggregates)196 and, on the other hand,
prevents the interconversion between M and P enantiomers.63

UV�vis and CD studies along with 1H NMR were performed
to examine the behavior in solution of (rac)-100, (P)-100 and
(M)-100. By means of concentration-dependent UV�vis stud-
ies the binding constants of the (rac)-100 and (P)-100 (= (M)-
100) in n-hexane at 331 K were derived. Further quantitative
analysis216 of these binding constants revealed the preference
for the formation of homochiral (KD = 2800 M�1) over
heterochiral dimers (KD = 400 M�1). The difference of these
binding constants is sufficient for self-sorting of racemic mix-
tures leading to 93% homochiral and 7% heterochiral dimers in
the thermodynamically equilibrated state.214 These findings are

rationalized by a greater π�π-overlap in homochiral than in
heterochiral dimers217 and could be confirmed by force field
energy minimized models of hetero vs homochiral assemblies
(Figure 24b).215 Homologous molecules with longer bridges
showed a lower degree of self-recognition but higher binding
constants, which was rationalized in terms of an induced-fit
planarization process upon π�π stacking.215 Other authors have
shown that in helicenes218 and propeller-like molecules bearing
aromatic rings219 the formation of homochiral assemblies is also
favored over heterochiral ones due to the better overlap of the
π-surfaces, leading to a highly efficient self-recognition process.

Although self-recognition between closely packed contorted
chiral π-surfaces appears most interesting from the crystal
engineering point of view220 the above example illustrates its

Figure 26. (a) Chemical structure of chiral clips 102a,b. (b) Cartoon of
their self-sorting process.

Figure 27. (a) Structures of enantiomeric (R,S)-103 and (S,R)-103.
Schematic representation of (b) hetero- and (c) homochiral dimer
aggregates derived thereof. The arrows represent an approximation of
the orientation of the dipole moments.

Figure 25. Chemical structure of “S” shaped xylylene-bridged bis(cyclic dipeptide) 101 and schematic representation of its supramolecular
polymerization in a self-recognition process. Reproduced with permission from ref 221. Copyright 2002 American Chemical Society.
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limitations, that is, only a modest bias between self-recognition
and self-discrimination. Accordingly, most of the published
examples on chiral self-sorting take advantage from stronger
intermolecular forces, such as recognition by multiple hydrogen
bonds or metallosupramolecular intermolecular forces. In this
regard, Aida and co-workers synthesized a racemic “S” shaped
xylylene-bridged bis(cyclic dipeptide) 101 which possesses L
andD chirality.221 The “S” shape of their molecules could be proven
by the single crystal X-ray analysis of a derivative of molecule 101.
By means of SEC they could determine that these molecules
form a supramolecular polymer capable of self-associating with a
high degree of enantioselectivity (self-recognition).

The reason for the exclusive formation of homochiral assem-
blies is the shape complementarity derived from the “S” shaped
molecules. In the case of homochiral supramolecular polymeri-
zation, participation of the two diketopiperadine units in the

formation of four simultaneous hydrogen bonds via complemen-
tary H-bonding takes place (Figure 25b, left). This is not possible
for a heterochiral assembly, in which only one diketopiperadine is
allowed to participate in the hydrogen-bonding formation be-
cause of the possible mismatch of the hydrogen donor�acceptor
arrays (Figure 25b, right).

Isaacs and co-workers investigated the self-recognition beha-
vior in a series of chiral molecular clips assembled by the
accumulation of different intermolecular forces.12,222 They de-
scribed the synthesis and characterization of “C” shaped methy-
lene-bridged glycoluril dimers bearing H-bonding groups
attached at their aromatic rings (102a,b), which enables self-
assembly via hydrogen-bonding in combination with π�π-
stacking (Figure 26). 1H NMR in CDCl3 and X-ray analysis of
the crystalline structure obtained for 102b revealed that these
aggregates display high levels of chiral discrimination giving rise
to heterochiral dimers.

The preference in the formation of heterochiral over homo-
chiral dimers was attributed to the possibility of simultaneous
formation of π�π-interactions and two hydrogen bonds,
whereas the hypothetical homochiral dimer can only be stabilized
by π�π-interactions and one hydrogen bond. Accordingly, the
spatial orientation of the H-bonding groups controls the self-
sorting process by favoring aggregates with the highest accumu-
lation of intermolecular contacts.

Osuka, Shinokubo, and co-workers reported the synthesis of a
racemic porphyrin 103 and the resolution of its enantiomers by
chiral HPLC (Figure 27a).223 The binding constant of the pure
enantiomers and the racemate for the formation of homo- and
heterochiral dimers could be determined by concentration-
dependent fluorescence spectra in CHCl3 as Khomo = 1.2 �
107 M�1 and Krac = 1.8 � 108 M�1, respectively. Using these
binding constants given by the authors the heterodimerization
binding constant can be calculated as KD(hetero) = 7 � 108

M�1.214,216 Accordingly, a racemic mixture contains 3% homo
versus 97% heterochiral dimers, that is, chiral self-discrimination
takes place.

Additional proof was provided by 1H NMR spectra for
solutions of the pure enantiomers and the racemic mixture,
which revealed the presence of different assemblies. Single-
crystal X-ray analyses of the homochiral dimers obtained from
the solution of the pure enantiomers and that of the hetero-
chiral dimers obtained from the racemic mixture provided
structural details to rationalize the preference for the formation
of heterochiral dimer aggregates. Whereas in the heterodimer

Figure 28. Chemical structure of ligands 104�106 and schematic
representation of the possible isomers formed upon complexation of
ligands 104�106 with Cu+.

Figure 29. (a) Chemical structures of enantiopure TRISPHAT anion 107 and racemic [Fe(4,40-Me2bpy)3]
2+ (bpy =2,20-bipyridine) 108.

(b) Schematic representation of the formed homochiral assemblies (left) and the unfavorable heterochiral assembly.
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the porphyrins are arranged in a centrosymmetric fashion,
homochiral dimers require the screwing of the porphyrin planes
to realize both metal�ligand contacts. As pointed out by the

authors the former assembly is electrostatically favored owing to
the cancellation of the dipole moments (Figure 27b, c). Addi-
tionally, minor structural differences observed between the
crystal structures of the hetero- and homochiral dimers, small
variations in the intermolecular distances and relative position of
the structures, distortion of the molecules in the case of the
homochiral dimer to enable the Zn�N coordinative bond, may
influence the self-sorting process.

In addition to geometry and complementarity of intermole-
cular forces, steric factors have been demonstrated to be rather
useful molecular codes to achieve high-fidelity chiral self-
sorting.224�227 Verlhac and co-workers reported a family of
atropisomeric bidentate ligands with a dissymmetric benzimida-
zole-pyridine binding site (104�106).228 Naphthyl (104), tolyl
(105) and cumyl (106) substituents were introduced to study
the steric impact on the fidelity of chiral self-sorting after copper
complexation. When two equivalents of 106 were treated with
one equivalent of [CuI(MeCN)4]

+ in CD2Cl2, a single sym-
metric C2 metal species could be observed through 1H NMR in
95% yield, which corresponds to the homochiral assembly pair
MMΔ/PPΛ (Figure 28). Minor traces (5%) of more sterically
hindered MPΔ/PMΛ were also found, whereas no sign of the
most sterically hindered isomers MMΛ/PPΔ was observed. 1H
NMR experiments revealed that the decrease in the bulkiness of
the substituents in 104 (naphthyl) and 105 (tolyl) leads to larger
amounts ofMPΔ/PMΛ and even traces ofMMΛ/PPΔ species,
although in all cases the major species remained the homochiral

Figure 30. Chemical structures of iso-guanosine derivatives 109 and hydrogen-bonded quintuplet (a) and guanosine derivative 110 and corresponding
hydrogen-bonded quadruplex (b) and chiral self-sorting processes in the presence of alkali ions (a,b). (c) Homochiral and heterochiral quadruplexes
formed by 110 in the presence of Ba2+ and K+.

Figure 31. (a) Chemical structures of chiral porphyrins 111a�c.
(b) Homochiral boxes 112a�c derived thereof.
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MMΔ/PPΛ assemblies. Figure 28 illustrates the key structural
features responsible for the metal ion-directed self-recognition
process. It is evident that in the homochiral complexes MMΔ/
PPΛ the bulky substituents are pointing in opposite directions.
The bulkiness of the substituents will determine to what extent
the more sterically demanding heterochiral complexes MPΔ/
PMΛ are formed, while the most hindered homochiral MMΛ/
PPΔ species in which both substituents are pointing in the same
direction are impeded. It can be realized from this study how the
adequate selection of substituents with different steric require-
ments can lead to highly efficient chiral self-sorting.

Bozec, Maury, Lacour, and co-workers took advantage of the
electrostatic nature of ionic metal�ligand complexes to induce
chiral self-sorting in diastereomeric cation�anion propeller
pairs.229�233 When enantiopure counterions are combined with
chiral ions, two different diastereomeric ion pairs which possess
different chemical and physical properties and, consequently,
interaction energies can be formed. As a consequence, high
levels of asymmetric recognition between chiral cations and
anions can be achieved.229�233 The authors rationalize the high
fidelity recognition to an optimization of the electrostatic
interactions between cation and anion propellers, as demon-
strated for the TRISPHAT anion 107 and the [Fe(4,40-
Me2bpy)3]

2+ (bpy = 2,20-bipiridine) cation 108.229 As sketched
in Figure 29, the anion/cation distance can be reduced much
more in the homochiral association than in the heterochiral to
stabilize the ionic pair.

The use of cation templates has been successfully exploited by
Davis and co-workers to program chiral self-sorting.234,235 First, they
probed the self-assembly of chiral iso-guanosine units (D,L)-109 and
guanosine (D,L)-110 in the presence of K+ and Cs+, respectively
(Figure 30a,b).234 1H NMR in CD3CN and single crystal X-ray
diffraction experiments, both in the presence of templating cations,
evidenced the formation of a defined decameric complex (assembled
by Cs+-templated stacking of two pentameric hydrogen-bonded
cycles for 109), and an octameric complex (assembled by K+-
templated stacking of two tetrameric hydrogen-bonded cycles
for 110) for the enantiopure starting materials (Figure 30a,b).
While in assemblies of 109 sugar-base hydrogen bonds can be
formed, this is not possible for 110. This makes 109 an excellent
candidate for chiral self-recognition. Indeed, a racemic mixture
of guanosine 110 in the presence of K+ showed more than ten
separate signals in the 1H NMR spectra, unlike the simple set of
signals observed for the pure enantiomers, pointing to the
formation of a diastereomeric mixture of the racemate.

In contrast, the racemic mixture of iso-guanosine 109 in the
presence of Cs+ showed only one major set of signals. These
signals were different to those corresponding to the enantio-
meric decamers, indicating the predominance of a new species.
After X-ray analysis of the supramolecular structure of (D,L)-
109 in the crystalline state it was confirmed that (D,L)-109
undergoes chiral self-sorting in the presence of Cs+ giving rise
to a meso-decamer by stacking of a (D)-109 pentamer and (L)-
109 pentamer. Similar experiments for iso-guanosine (D,L)-109
with differently sized alkali cations (Li+, Na+, K+, or Rb+) did
not provide convincing evidence for such a self-sorting. Thus,
the size of the templating cation plays a major role. In further
work, the authors showed that not only can the size of the
cation direct self-sorting, but the charge is also important.235
1H NMR in CD2Cl2 and X-ray studies revealed that guanosine
110 self-assembles into homochiral quadruplex stacks in the
presence of Ba2+, whereas a mixture of heterochiral quadruplex

stacks was obtained in the presence of K+ (Figure 30c). Since
the size of Ba2+ and K+ is very similar, the cation’s charge has
been recognized as the driving force directing self-sorting. The
unfavorable entropy associated to the self-recognition of eight
enantiomers can be overcome by enthalpic stabilization de-
rived from cation-dipole interactions, G-quartet hydrogen bonds
and G-quadruplex-picrate (counteranion) interactions through the
divalent cation.

A final, particularly elegant example of a self-sorting process
was reported by Osuka, Kim and co-workers,236�239 based on
meso�meso linked-pyridine-appended zinc(II) porphyrins
111a�c possessing axial chirality leading to noninterconverti-
ble P and M enantiomers.236 In noncoordinating solvents such
as CH2Cl2, dimeric porphyrins 111a�c self-assemble into
three-dimensional porphyrin boxes 112a�c (Figure 31), as
evidenced by 1H NMR studies and X-ray diffraction of their
crystalline structures. These porphyrin boxes form from racemic
solutions with extraordinarily large binding constants through
simultaneous eight-point metallosupramolecular coordination.
Boxes formed from 111a�c could be demonstrated to be chiral
by CD spectroscopy after resolution of their enantiomers using
chiralHPLC. As expected after chiral resolution, mirror image CD
spectra were obtained. The formation of these chiral boxes was
attributed to a rather specific self-recognition process of the
dimeric porphyrins, which can only form such boxes from identical,
that is, single enantiomer, building blocks. Otherwise, upon co-
assembly of both enantiomers polymeric structures would form.
This last example is most illustrative for a predefined self-
assembly pathway that has been properly encoded in the
molecular building blocks to direct a sequence of self-recognition
processes. The interplay between enthalpic and entropic contribu-
tions obviously directs a high fidelity self-sorting process under the
given experimental conditions.

5. CONCLUSIONS

In this review, we have collected the first decade of research on
artificial molecules that were shown to exhibit high levels of
selectivity in the molecular recognition or discrimination of
surrounding species within complex mixtures. We have discussed
the molecular codes (size and shape, complementarity in hydrogen-
bonded systems, sterics, coordination sphere of metal ions
and charge-transfer) that lead synthetic molecules in a crowded
environment to bind only or at least preferentially to their ideal
partners. We have shown that the geometrical parameters size and
shape play the most prominent role among these molecular codes.
As a general rule, size and shape complementarity between the
elements of a mixture is a prerequisite before other molecular
codes can come into play and eventually direct self-sorting
processes. The species that can potentially bind any specific
member of a mixture must first approach the target and ultimately
establish a noncovalent contact. This can only happen when both
elements are geometrically complementary. Accordingly, comple-
mentarity in hydrogen-bonded systems requires an appropriate
geometrical correspondence between the interacting arrays for
the match or mismatch between the pattern of hydrogen donors
and acceptors to take place. This molecular code is most strikingly
demonstrated in double-stranded DNA and has been successfully
exploited to direct social or narcissistic self-sorting in mixtures of
hydrogen-bonded assemblies.

In metallosupramolecular systems, the geometry and rigidity
of the ligands as well as the coordination sphere in metal�ligand
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interactions determine to a great extent the outcome of a self-
sorting mixture. Different ligands can coordinate into varying
geometries, which has already been exploited to construct
fascinating supramolecular architectures of remarkable size
and shape. Several research groups have also elucidated steric
and charge-transfer effects to direct high-fidelity self-assembly
processes within complex mixtures. However, their weight is
quantitatively smaller in comparison with the above-mentioned
codes and can only provide sufficient bias when the interacting
building blocks are structurally most similar in terms of size and
shape, hydrogen-bonding pattern or coordination ability.

Because of the importance of chiral recognition in nature, we
have dedicated an independent section to chiral self-sorting
systems. The high similarity of the molecules involved in chiral
self-sorting—pairs of enantiomers have equal size and shape,
differing only in their mirror image spatial orientation—makes
their investigation particularly demanding. The examples col-
lected in this review include those showing self-discrimination
and those showing self-recognition, however, mostly with
rather modest bias.

It is not only intrinsic molecular codes which are important in
the fidelity of self-sorting events. Self-sorting processes depend to
a great extent on the external variables (solvent, temperature,
concentration, pH, etc) that can influence differently the equi-
librium and/or the stability of independent recognition processes
involving different noncovalent interactions. For instance, in a
very recent article Schenning, Meijer, and co-workers have
reported a very intriguing example for a dilution-induced self-
assembly of porphyrin aggregates as a consequence of coupled
equilibria.240 This given example demonstrates that we are to
date still far from deriving a general rule that can predict how a
complex mixture involving different noncovalent forces would
behave upon variation of a given external variable.

However, the achievements to date in the field of supramole-
cular chemistry allow us to be optimistic in the years to come. We
currently know how tomake use of the principles of self-assembly
to create supramolecular architectures of remarkable complexity
with well-defined size and shape by proper design of their small
constitutive building blocks. Highly organized structures such as
vesicular assemblies, which are in essence small membrane-
enclosed containers that can transport substances, are nowadays
already routinely constructed by different research groups upon
self-assembly of artificial amphiphilic molecules and used for
catalytic or transporting purposes.241 The construction of super-
structures that can resemble nature’s creations require, therefore,
advances in this direction, and self-sorting is undoubtedly one of
the indispensable means. Recently, synthetic amphiphilic mol-
ecules have been successfully programmed to self-sort, so that
distinct types of molecules self-assemble into different domains or
compartments in aqueous media.242,243 Compartmentalization is
one of the prerequisites for the emergence of life. The cell
membrane, for instance, protects the inner components from
an adverse environment244 and multicompartmentalization is
essential for the achievement of simultaneous functions in isolated
environments within cellular organisms. The marriage between
self-assembly and self-sorting will certainly open up ground-
breaking possibilities for the creation of sophisticated synchro-
nous multifunctional systems. We could envision, in a not too
distant future, the construction of artificial systems that can
resemble the intricacy of a cell. Whether or not this approach is
a chimera, still remains to be seen. But one issue is clear: self-
sorting is one of the means toward this goal.
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