
toid. Into this they introduce a population of 
mutant parasites that have different rates of 
locating hosts and converting them into off- 
spring (efficiency) (Fig. 2). They find that 
even though selection (competition) within 
a patch favors parasites with higher efficiency, 
lower efficiency parasites can be maintained. 
This is because greater host dispersal occurs 
where hosts are regulated by lower efficiency 
parasitoids. The  wave front is thus less inhib- 
ited by local extinction of the host. Faster 
rotating spirals gradually expand to take over 
the domain of slower ones and the less effi- 
cient parasitoids dominate (Fig. 2). Hence 
the direction of within-patch selection is con- 
tradicted by what ~ o ~ r l i j s t  and co-workers 
term "between spiral" selection. Such an out- 
come is reminiscent of the consequences of 
group structure on  the outcome of selection 
much studied for the last few decades (1 1 ,  
12). And it was Wynne-Edwards' suggestion 
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Supramolecular Chemistry 
Jean-Marie Lehn 

W h e n  a substrate binds to an enzyme, a 
drug sticks to its target, or signals propagate 
between cells, highly selective interactions 
occur between the partners to control the pro- 
cess. Supramolecular chemistry is concerned 
with the study of the basic features of these 
interactions and with their implementation 
in specially designed nonnatural systems. 

For more than 150 years, since the syn- 
thesis of urea bv Friedrich Wohler in  1828. 
molecular chemistry has developed a vast 
array of highly sophisticated and powerful 
methods for the construction of ever more 
complex molecular structures by the rnaking 
or breaking of covalent bonds between atoms 
in a controlled and ~ r e c i s e  fashion. The  time 
has come to do the same for noncovalent 
intermolecular forces. lust as there is a field 
of molecular chemistry based on the cova- 
lent bond, there is a field of su~ramolecular 
chemistry, the chemistry of molecular assem- 
blies and of the intermolecular bond. It is 
"chemistry beyond the molecule," whose ob- 
jects are supramolecular entities, super- 
molecules possessing features as well defined 
as those of molecules themselves (1, 2). 

Supramolecular chemistry is a highly in- 
terdisciplinary field of science covering the 
chemical, physical, and biological features of 
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chemical species of higher complexity, that 
are held together and organized by means of 
intermolecular (noncovalent) binding inter- 
actions. This relatively young area has been 
rapidly defined, conceptualized, and struc- 
tured into a coherent system. Its roots extend 
into organic chemistry and the synthetic pro- 
cedures for receptor construction, into coor- 
dination chemistry and metal ion-ligand 
complexes, into physical chemistry and the 
experimental and theoretical studies of in- 
teractions, and into biochemistrv and the 
biological'processes that all start'with sub- 
strate binding and recognition. A major fea- 
ture is the range of perspectives offered by 
the  cross fertilization of su~ramolecular  
chemical research, owing to its location at  
the intersection of chemistry, biology, and 
physics. Such wide horizons are a challenge 
and a stimulus to the creative imaeination of - 
the chemist. 

T h e  field started with the selective bind- 
ing of alkali metal cations by natural (3) as 
well as svnthetic macrocvclic and macro- 
polycycliL ligands, the &own ethers and 
cryptands (1 ,  4) .  This led to the emergence 
of molecular recognition as a new domain 
of chemical research that expanded over 
other  areas and became supramolecular 
chemistry ( 1 ,  2). It underwent explosive 
growth with the development of synthetic 
receptor molecules of numerous types for 
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the  strong and selective binding of cation- 
ic, anionic, or neutral complementary sub- 
strates of organic, inozganic, or biological 
nature by means of various interactions 
(electrostatic, hydrogen binding, van der 
Waals, and donor-acceptor). Molecular rec- 
ognition implies the (molecular) storage and 
(supramolecular) retrieval of molecular struc- 
tural information. Many types of receptor 
molecules have already been explored (crown 
ethers, cryptands, spherands, cavitands, 
calixarenes, cyclophanes, cryptophanes, and 
so forth) ( 4 , 5 ) .  Still others may be imagined 
for the binding of complementary substrates 
of chemical or biological significance; for 
instance, for the development of substrate- 
specific sensors or for the recognition of 
structural features in biomolecules (nucleic 
acid probes, affinity cleavage reagents, en- 
zyme inhibitors, and so on). 

The  combination of recognition features 
with reactive functions generates supramo- 
lecular reagents and catalysts that operate in 
processes involving two main steps: substrate 
recognition followed by its transformation 
into products. Because of their relationship 
with enzymatic catalysis, they present proto- 
enzymatic and biomimetic features. By na- 
ture, they are abiotic reagents that may per- 
form the same overall processes as enzymes 
without following the  same mechanistic 
pathways. More importantly, they may also 
effect highly efficient and selective reactions 
that enzymes do not perform. This represents 
a very important area for further develop- 
ment, which may lead to a range of reactive 
receptor molecules combining substrate 
specificity with highreactional efficiency and 
selectivity. Much work remains to be done 
that should contribute very significantly to 
the understanding of chemical reactivity and 
to its application in industrial processes. 

Suitably modified receptors act as carriers 
for the selective transport of various types of 
substrates through artificial or biological 
membranes. Further developments may con- 
cern, for instance, the construction of selec- 
tive membrane sensors or the transport of 
drugs through biological barriers, which may 
include targeting if suitable target selective 
recognition groups are introduced. 

Recognition, reactivity, and transport rep- 
resent the three basic functional features of 
supramolecular species. A further important 
line of development concerns the design of 
supramolecular devices built on  photoactive, 
electroactive, or ionoactive components, op- 
erating with photons, electrons, and ions, 
respectively. Thus, a variety of photonic de- 
vices based on  photoinduced energy and elec- 
tron transfer may be imagined (2,  6). Mo- 
lecular wires, ion carriers, and channels fa- 
cilitate the flow of electrons and ions through 
membranes. Such functional entities repre- 
sent entries into molecular photonics, elec- 
tronics, and ionics that can be used for stor- 
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age and processing and for the transfer of 
materials, signals, and information at the 
molecular and supramolecular levels. 

An entire field lies here at the interface 
with physics, microelectronics, and micro- 
optics, a field that has barely been explored 
a i d  remains wide open, presenting such in- 
triguing goals as electrical storage, amplifica- 
tion, switching, and rectification. The chem- 
istry of molecular signal generation, process- 
ing, transfer, conversion and detection- 
semiochemistry-touches upon both physi- 
cal and biological signalization processes. 

The most recent developments concern 
the im~lementation of molecular informa- 
tion and recognition as a means of control- 
ling the evolution of supramolecular species 
as they are built up from their components. 
Thus, beyond the preorganization used in 
the construction of molecular receptors lies 
self-organization. It involves the design of 
systems capable of spontaneously generating 
well-defined supramolecular entities by self- 
assembly from their components in a given 
set of conditions (2, 7). The information 
necessary for the process to take place and 
,the program that it follows must be stored in 
the components and operate according to an 
algorithm based on molecular recognition 
events. Thus, these svstems mav be termed 
programmed supramoiecular sys;ems (2). 

Self-assembly and self-organization have 
recently been implemented in several types 
of organic and inorganic systems (2,7,8).  By 
clever use of metal coordination, hydrogen 
bonding, and donor-acceptor interactions, re- 
searchers have achieved the spontaneous for- 
mation of a variety of novel and intriguing 
species such as the inorganic double and triple 
helices termed helicates, catenanes, threaded 
entities (rotaxanes), cage compounds, and so 
forth. For instance, by the self-assembly of 11 
particles-five ligands of two different types 
and six copper (I) metal ions-a closed, cage- 
like structure is obtained spontaneously and 
selectively in one stroke (see figure). 

A further major development along these 
lines is the design of molecular species with 
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the ability to self-replicate. This was realized 
with the use of components containing suit- 
able recognition groups and reactive func- 
tions (9). 

In a study of helicate self-assembly from a 
mixture of different ligands and metal ions, it 
has been found that only the "correct" heli- 
cal complexes are formed through self-recog- 
nition. More broadly, this points to a change 
in paradigm from pure compounds to in- 
structed mixtures-that is, from seeking 
chemical purity to designing programmed 
systems composed of mixtures of instructed 
components capable of spontaneously form- 
ing well-defined superstructures. One may 
venture to predict that this trend will repre- 
sent a major line of development of chemis- 
try in the years to come: the spontaneous but 
controlled buildup of structurally organized 
and functionally integrated supramolecular 
systems from apreexisting "soup" of instructed 
components following well-defined programs 
and interactional algorithms. Thus, the study 
of self-processes represents an area of rapidly 
increasing activity. 

In addition to dealing with the oligo- 
molecular supermolecules, well-defined spe- 
cies resulting from the specific intermolecu- 
lar association of a few components, supramo- 
lecular chemistry deals also with poly- 
molecular assemblies formed by the sponta- 
neous association of a large number of com- 
ponents into a specific phase (films, layers, 
membranes, vesicles, micelles, mesophases, 
surfaces, solids, and such) (10). Here lies a 
vast and fertile domain of research. Molecu- 
lar recognition between complementary com- 
ponents provides a means by which research- 
ers can direct the architecture of poly- 
molecular assemblies and endow them with 
novel properties, such as the selective bind- 
ing of substrate molecules to layers and sur- 
faces. It allows the design and engineering of 
supramolecular materials, in particular of a 
liquid crystalline and polymeric nature (2,lO). 
A sort of supramolecular polymer chemistry 
is thus emerging and receiving more and more 
attention. 

Processes directed by molecular recogni- 
tion also provide a powerful entry into su- 
pramolecular solid-state chemistry and crys- 
tal engineering (1 1 ). The ability to control 
the way in which molecules associate may 
allow the designed generation of desired ar- 
chitectures in the solid state. Modification of 
surfaces with recognition units could lead to 
selective surface binding and to recognition- 
controlled adhesion. 

The design of "programmed" systems, 
controlled by molecular information, repre- 
sents a new horizon in materials engineering 
and processing that looks toward "smart," 
functional supramolecular materials, such as 
self-assembling nanostructures, which are or- 
ganized and functional species of nanometric 
dimensions that define a supramolecular 
nanochemistry. 

It has become clear that the kev word of 
supramolecular chemistry is not size but in- 
formation. In terms of size. "there's ~ l e n t v  of . , 

room at the bottom," as the celebrated apho- 
rism of Richard Feynman goes. However, 
the ability of supramolecular species to spon- 
taneously build up from their components 
and accomplish complex tasks on the basis of 
the encoded information and instructions, 
shows that through supramolecular chemis- 
try "there's even more room at the top." 
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