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Definitions
"Supramolecular chemistry is the chemistry of the intermolecular bond, 

covering the structures and functions of the entities formed by the 
association of two or more chemical species"

J.-M- Lehn

"Supramolecular chemistry is defined as chemistry "beyond the molecule", 
as chemistry of tailor-shaped inter-molecular interaction. In 

'supramolecules' information is stored in the form of structural 
peculiarities. Moreover, not only the combined action of molecules is called 
supramolecular, but also the combined action of characteristic parts of one 

and the same molecule.
F. Vögtle
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nature vs. synthetic

Focus: Supramolecular properties of 
molecules designed by the chemist – 
not by nature

Kwater= 2.5 x 1013 M-1

~ 10 hydrogenbonds

KCDCl3
= 9.3 x 103 M-1

~ 4 hydrogenbonds
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lock-and-key principle
Additivity
Complementarity

 Preorganisation
 Chelate effect

 Macrocyclic effect
 Selectivity

Thermodynamics
Solvent effects



Additivity

βn !



Additivity
Additivity – stepwise vs. overall binding constant



Entropy of association

Ridigification enhances host-guest interactions

Low-frequency vibrations (high entropy) in weak interactions can 
compensate the loss of entropy  of internal rotations.



Solvent effects – hydrophobic 
effect

Release of arranged solvent molecules – favorable ΔS 

Optimized hydrogen bonding of previously arranged solvent - favorable ΔH



Solvent effects – competitive 
solvents

Highly polar solvents, characterized by a large dielectric 
constant, can interact with charged species.

Solvents which are good hydrogen bond donors/acceptor 
will compete in hydrogen bonding recognition.



Chelate effect

Entropy effect: increasing number of independent molecules  

Enthalpy effect: mutual repulsion reduced – disadvantage 
reduced  



Chelate effect - ring size



macrocyclic effect

Increased stability (ΔG)
Favorable enthalpy increase
Favorable entropy increase

Macrocycle: Cyclic molecule 
containing more than 10 
covalent bonds. 



macrocyclic effect



Preorganization - Spherand

”the more highly hosts and guests are 
organised  for binding and low solvation 
the more stable will be their complexes”

 Donald Cram



Preorganization



macrocyclic effect - cryptate
Desolvation of cavity

Reduced flexibility

More favorable contacts – 
less reorganization

Reduced solvation of complex



macrocycles - selectivty



cryptand - selectivty



chelate -> cryptate effect



macrocycles in nature



applications

Phase transfer agents



applications
Drug delivery



applications
separations



applications
molecular switches



applications
catalysts



directed H-bonding



H-bonding motive

streptavdin - biotin



RAHB, Resonance Assisted Hydrogen Bonding



RAHB, Resonance Assisted Hydrogen Bonding



DDD-AAA vs. DAD-ADA



metal binding

http://www.pnas.org/content/vol98/issue19/images/large/pq1913629003.jpeg
http://www.pnas.org/content/vol98/issue19/images/large/pq1913629003.jpeg


dynamic library

In the context of the evolution of

chemistry from molecular to supramole-

cular, it represents a sort of ‘‘back to the

future’’ step, going back to molecular

chemistry to endow (provide) it with

novel perspectives by introducing into it

and fertilising it with supramolecular-

type dynamic features.

An intriguing line of development of

chemistry is thus being fuelled by a basic

paradigm shift from a constitutionally

static chemistry to a constitutionally

dynamic chemistry (CDC),7,8,30 encom-

passing both covalent molecular and non-

covalent supramolecular entities,9,50–55

defining respectively a dynamic covalent

chemistry (DCC) and a dynamic non-

covalent chemistry (Fig. 4). The forma-

tion and dynamic character of these

entities result respectively from reversible

condensation of components through

complementary functional groups (mole-

cular, covalent, chemical, functional

recognition) and from recognition-

directed reversible association of

components through complementary

interactional groups (supramolecular,

non-covalent, physical, interactional

recognition). They may thus be con-

sidered either as chemically dynamic,

involving chemical reactions or as

physically dynamic, based on physical

non-covalent interactions.

As at both levels the processes may

involve component recombination, they

define a dynamic combinatorial chemistry

Fig. 3 Dynamic (virtual) library of circular helicates generated from a tritopic ligand strand and octahedrally-coordinating metal ions, expressing

different constituents depending on the counter ion (chloride or sulfate) present.42

Fig. 4 Constitutional dynamic chemistry (CDC) covers both dynamic molecular chemistry

and supramolecular chemistry that involve respectively dynamic covalent (dynamic covalent

chemistry, DCC) and non-covalent connections.

154 | Chem. Soc. Rev., 2007, 36, 151–160 This journal is ! The Royal Society of Chemistry 2007
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H-bonds

Crystal Engineering REVlRlVS 

organic synthesis. To summarize, supramolecular synthons are 
spatial arrangements of intermolecular interactions and play the 
same focusing role in supramolecular synthesis that convention- 
al synthons d o  in molecular synthesis. In effect, the goal of 
crystal engineering is to recognize and design synthons that are 
robust enough to be exchanged from one network structure to 
another, which ensures generality and predictability. Such struc- 
tural predictability leads. in turn, to the anticipation of one-, two-, 

1 2 

H 

and three-dimensional patterns formed with intermolecular in- 
teractions. There is a particular relevance of the solid state to 
this kind of supramolecular chemistry, because many of the 
weaker interactions are probably deformed if not destroyed in 
solution. However, the persistent recurrence of patterns mediated 
by weak forces in crystals indicates that such interactions might 
still be important in solution for transient processes such as those 
associated with biomolecular structure and conformation. 
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Assembly via H-bonds
REVIEWS 

2.1. Solid-state Architecture with 
Supramolecular Synthons 

. . .recognition qf'sorne synthons 
(usuallv the larger or nzajor s-vntlions) 

norrnal1.y is more usefill in analysis than that oj'othrrs. 

Scheme 1 shows a variety of supramolecular synthons 1-35, 
culled from the recent literature. A supramolecular synthon is 
an identifiable design element and should be, strictly speaking. 
distinguished from an intermolecular interaction. It must be 
emphasized that synthons are derived from designed combina- 
tions of interactions and are not identical to the interactions. For 
example, the carboxyl dimer synthon 1 is assembled with two 
centrosymmetrically related C = O  . . . HO hydrogen bonds. In 
still other synthons, for example 33-35, the involvement of the 
interactions is implicit. Though subtle. this distinction between 
an interaction and a synthon is real. because supramolecular 
synthons incorporate holh chemical and geometrical recogni- 
tion features of molecular fragments, in other words both ex- 
plicit and implicit involvement of intermolecular interactions. 
On occasion, however, when chemistry and geometry are inex- 
tricably linked, a single interaction may be regarded as a syn- 
thon, for instance CI . CI, 25 or N . . Br, 27. 

The supramolecular synthon concept is conveniently illustrat- 
ed in the crystal structures of some aromatic carboxylic acids. 
Scheme 2 shows how the structures of benzoic, terephthalic. 
isophthalic, trimesic, and adamantane-l,3,5,7-tetracarboxylic 
acids (36) are built with phenyl rings and dimer synthons 1 in a 
logical progression. The benzoic acid dimer is zero-dimensional, 
the linear or crinkled ribbons in the dibasic acid structures are 
one-dimensional patterns, while the sheet structure in trimesic 
acid is two-dimensional.i221 The three-dimensional extension of 
these structures is the diamondoid structure of acid 36, where 
synthons 1 are disposed tetrahedrally about the adamantyl nu- 
cleus to yield a network that is topologically similar to diamond, 
in which 1 replaces C-C bonds, and the adamantyl nucleus 
becomes a super-C atom.[231 

Weaker hydrogen bonding of the CH . . X variety may now 
be considered. Although these bonds have energies only in the 
2-20 kJmol- '  range, their effects on crystal structure and 
packing are just about as predictable as the effects of conven- 
tional hydrogen bonding.[241 Scheme 1 includes several 
C H  . . X-mediated synthons, and Scheme 3 shows some typical 
crystal structures based on these synthons. In crystalline 1,4- 
benzoquinone, the symmetrical disposition of functional groups 
results in a linear ribbon pattern linked by synthon 7 .  This 
pattern is carried over largely unscathed into the crystal struc- 
ture of 2-rnethoxy-l,Cbenzoquinone, while the CH . . . N=C 
analogue 12 is observed in 1 .4-dicyanoben~ene.[~~]  Another 
common CH . ' 0  synthon 24 is seen in the crystal structure of 
cc-benzylidene-y-butyrolactone.iz61 

A comparison of the crystal structures of solid chlorine and 
the monoclinic form of 1,4-dichlorobenzene (Fig. 1 )  is revealing 
and shows how the supramolecular synthon concept may be 
extended to lesser known intermolecular interactions.[151 The 
contacts between the halogen atoms define the CI . . . CI synthon 
25 and are virtually identical in the two structures. The aromatic 
rings in I ,4-dichlorobenzene fulfill a spacer function. 

G. R. Desiraju 

% 
Scheme 2. Construction of ai-oniatic carboxylic acid crystal structures with synthon 1. 
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It is particularly appropriate here to discuss the aryl . . . aryl 
synthons 33 and 34, which are based, respectively. on herring- 
bone and stacking modes of association of aromatic rings.["' 
and the hydrophobic synthon 35. The geometries of 33 and 34 
are well-defined and occur in thousands of structures. If  one 
were to  assign significance to supramolecular synthons on the 
basis of specific interaction strengths, these synthons might not 
rank very high. However. it is known that they play an impor- 
tant role in determining stable crystal packing arrangements 
characterized by sparing solubility and high crystallinity.[59' 
Figure 6 shows the crystal structures of benzene and 2-amino- 

39 

Scheme 6 Target rosette structures: 37.38 (not observed): 39 (observed). The syn- 
thons are highlighted Notice the slightly different synthon structure in 38. 

Fig. 6. Comparison of the crystal structures of benzene (top) and 2-aminophenol 
(bottom). Note the almost identical arrangement ofphenyl rings (synthon 33) in the 
two structures. 

phenol. The latter structure contains alternating polar and apo- 
lar bilayers. The structure of the apolar layer is almost identical 
to the benzene structure with aromatic rings mutually perpen- 
dicular. The identification of synthon 33 in both these structures 
confirms their close The nature of aryl . . . aryl 
stacking interactions, as manifested in synthon 34, has also been 
the subject of intensive studies, and their utilization in crystal 
engineering depends on the well-known proclivity of planar II 
donors and acceptors to form overlapped layered structures.r6 
Hydrophobic effects are revealed by the appearance of synthons 
such as 35 and have been exploited in the design of monolayer 
structures. 

A i i ~ o i i .  C'iicn?. / f i r  Ed.  En,ql. 1995. 34. 2311 -2321 2319 
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tilting occurs within the benzoic acid slabs because of the ten- 
dency of a phenyl ring to  be overlaid on a carboxyl dimer 
ring.["] However, the main message is clear-  the carboxyl 
dimer synthon 1 can be used as a surrogate for a 1,4-disubstitut- 
ed phenyl ring, and it is pertinent to compare this dissection of 
the benzoic acid dimer supramolecular skeleton with that of the 
squalene molecular skeleton by Carey.["] 

This strategy can now be used in the design of crystal struc- 
tures. We found that halogen atoms, especially iodine, tend to 
form short polarization-induced contacts with nitro groups 
(synthon 17) where the oxygen atoms of the nitro group grip the 
iodine atom in a two-pronged fashion.[331 This synthon was 
initially introduced in the crystal structure of 4-iodonitroben- 
zene, where it alternates with the phenyl rings to give a ribbon 
as expected (Scheme 4).[341 In fact. this molecule has few other 
crystallization options. The strategy was then extended to the 
crystal structure of the 1 : 1 complex of 1,4-dinitrobenzene and 
1,4-diiodobenzene where again 17 alternates, but in opposite 
senses with phenyl rings.'351 At this stage the hydrocarbon spac- 
er between the 17 synthons was extended by crystallizing a 2:  1 
complex of 4-iodocinnamic acid with 1.4-dinitr0benzene.[~~] 
The carboxyl synthon 1 elongates the (now supramolecular) 
diiodo moiety, which is then able to link with the nitro moiety 
through synthon 17. These results are surprising- acids are 
known to complex with bases or with other acids but not with 
neutral compounds; however, in this case the acid dimer be- 
haves effectively like a neutral diiodohydrocarbon because the 
hydrogen bonding requirements of the monomers are complete- 
ly satisfied by dimer formation. 

A very similar exercise may be carried out with C H . . . O  
hydrogen bonds. Nitro and dimethylamino groups form a 
CH . . '0-mediated synthon 9, and the crystal structure of N,N- 
dimethylnitramine is unique in that it consists exclusively of 
infinite ribbons of this synthon (Scheme 5).[361 The crystal 
structure of the 1 : 1 complex of 4-nitrobenzoic acid and 4-(N,N- 
dimethy1amino)benzoic acid may now be anticipated as a rib- 

phenyl surrogate formed by a linking of acid molecules with 
synthon l.[371 To summarize, the crystal packing properties of 

an aromatic carboxylic acid dimer are 
distinct from those of the monomer 
and are more reminiscent of an aro- 
matic hydrocarbon. 

Inherent in structural simplification 
is a reduction of a crystal structure to 
its interaction network information. 
The crystal structure of tetraacid 36 
has been described in Section 2.1 in 
terms of a diamond network with syn- 
thons 1 tetrahedrally disposed about 
the adamantyl skeleton.[23] It is there- 
fore possible to substitute other syn- 
thons for 1 on adamantyl or other 
tetrahedral templates and generate 
similar diamondoid structures (Fig. 3). 
Typical examples of such alternative 
synthons are metal . . NC,[381 1 .  . . I 

amide diiner synthon 3.[421 We have 

Fig. 2 .  Stereoviews of the crystal structures of benzoic acid (top) and p-terphenyl 
(bottom). each showing three slab sections. Notice that the benzoic acid dimer 
mimics the shape of the terphenyl molecule and also the similar herringbone dove- 
tailing between slabs in the two structures. 

consisting Of 'ynthon alternating with an extended ter- 

0 '  0' 

26,[39,401 0 - H .  . . N,C4I] and the cis- Scheme 4. Use of the iodo . .  'nitro synthon 17 in crystal engineering. Note how the 1,4-disubstituted phenyl ring 
and the extended carboxylic dimer are similarly employed. 

2316 Angcii'. Clicin. In[. Ed. Eng/. 1995. 34, 231 1 ~ 2327 
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2.5. Conventional and Exotic Interactions 

. . .it ma.s be desirable to cittempt a sjwthesis b!, the use of  
n e ~ '  reactions if a great simplifkation ccin result or 

if there is simplv no cilternative. 

Reactions are used in organic synthesis to make covalent 
bonds, and if structural transformations are to be reliable and 
efficient, such reactions should evidently be of known mecha- 
nism and scope. In the supramolecular context. one would like 
to use interactions of known directionalities, which can be com- 
bined to give structurally robust synthons. Not surprisingly, 
many current studies in crystal engineering are centered around 
conventional hydrogen bonding of the O H . .  ' 0  or the N H  . . '0 
type. But just as organic synthesis progressed by the study of 
new and (at the time) exotic reaction types, crystal engineering 
is also amenable to the use of lesser known or weaker and 
possibly less directional interactions. Gratifyingly, it appears 
that these weaker interactions are just as effective, especially if 
they are used in multipoint recognition. 

A recent example of the use of C H . . . O  interactions in 
supramolecular design is provided by the complexation of 1.3,5- 
trinitrobenzene with dibenzylidene ketones.["I The target syn- 
thon 23 is obtained by replacing the conventional hydrogen 
bonds in 20 with C H  . ' 0  hydrogen bonds. The precursor 
molecular components suggest themselves naturally, and 23 is 
obtained in the crystal structures of the molecular complexes 
formed by either I .3,5-trinitrobenzene or picryl chloride with 
either dibenzylideneacetone or 2,5-dibenzylidenecyclopen- 
tanone (Fig. 7) .  Reference has already been made to diamon- 

A 
Fig. 7. CH . . . 0-mediated recognition (synthon 23) in the 1 : 2 molecular complex 
formed between 2.5-dibenzylidenecyclopentanone and 13.5-trinitrobenrene. Only 
one of the two symmetry-independent trinitrobenzene molecules is shown. 

doid structures assembled with 1 . .  . I synthons (26) and N . . . Br 
synthons (27. Section 2.2, Fig. 4).[399.40.431 The scope of ionic 
interactions in crystal engineering studies is only just beginning 
to be realized. The structures of organic malates and tartrates, 
for example, contain strongly hydrogen-bonded networks that 
are robust in two dimensions, permitting other structural varia- 
tions in the third dimension.[631 

Conventional hydrogen bonding continues to be used in new 
and ingenious ways.[641 Two recent reports are based on the 
complementarity of the hydrogen-bonding capabilities of the 
OH and NH, groups. Ermer and Eling have pointed out that 

while an OH group has one hydrogen bond donor and two 
acceptors. an NH, group has two donors and one acceptor.[6s1 
Accordingly. compounds or complexes that contain equal 
stoichiometric amounts of these groups are likely to have highly 
organized hydrogen-bonded networks with a tetrahedral envi- 
ronment about the 0 and N atoms. Ermer and Eling have uti- 
lized this fact in the design of several diphenol-diamine com- 
plexes. Hanessian et al. have discussed the crystal structure of 
the 1 : 1 complex between trans-1.2-cyclohexanediol and trans- 
1.2-diaminocyclohexane while recognizing again that half of the 
heteroatoms are fully tetracoordinated.["I 

In general, one may expect to witness several new and exciting 
developments in the systematic engineering of crystal structures 
based on interactions with boron, sulfur, and halogen 
atoms,[". 681 on hydrogen bonding of the CH . . . XLZ4] and 
XH . . nnIh9) type (in which X can also perhaps be C). and 
metal -atom interactions, the latter being, of course, exclusive 
to organometallic clusters and complexes.[701 These constitute 
the supramolecular reaction methodologies of the future. 

2.6. Knowledge of Other Crystal Structures 

Knowledge or enlightrwed speculation us to the way 
in which a molecule to be s~nthesized has previously 

been brought into existence can be extremely 
helpful in siniplifying u synthetic problem. 

As Par back as 1961 Hassel commented on the hexagonal, 
layered network of weak N . . . CI interactions (synthon 30) in 
the crystal structure of cyanuric chloride,[711 which had been 
previously reported by Hoppe, Lenne, and Morandi in 1957.[721 
More recently we noted that synthons such as 12 are common 
in cyanoaromatic c ~ m p o u n d s . [ ~ ~ l  These ideas and the knowl- 
edge of the linearity of C H . . . N  hydrogen bonds led to the 
identification of 1,3,5-tricyanobenzene as a potential candidate 
for the formation of similar hexagonal networks. Cocrystalliza- 
tion with hexamethylbenzene proved serendipitous, for the 1 : 1 
complex of these two compounds contains the desired hexago- 
nal network (synthon 31 ; Fig. 8).[741 A comparison of 30 and 31 
shows that they are interchangeable with a substitution of the 
N . . CI interaction by 
the CH . . N interaction. 

A knowledge of the 
1.3.5-tricyanobenzene - 
hexamethyl benzene 
crystal structure leads to 
the possibility of obtain- 
ing similar hexagonal 
networks with related 
molecules. Trimethyliso- 
cyanurate (40) was iden- 

T tified, because it contains 
only CH . . .O donor and 

Symmetrical framework, cyanobenrene molecules (synthon 31) in the 
and the crystal structure crystal structure of the 1 ' 1 complex formed 

by this substance with hexamethylbenzene. 
Of its : complex with The interleaving hexamethylbenzene net- 
1 -3.5-trinitrobenzene con- 

acceptor groups in its Fig. 8, C H . . . N  network of 1,3,54ri. 

work is not shown. 

2320 Anp'bi. Clwm. In/. Ed. EnxI. 1995. 34. 231 1-2327 
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1
Introduction

Supramolecular polymers are linear chains of low molar mass monomers
held together by reversible and highly directional non-covalent interactions.
In suitable experimental conditions, they can display polymer-like rheologi-
cal or mechanical properties, because of their macromolecular architecture.
However, the fact that non-covalent interactions are involved means that
the assembly can be reversibly broken. This reversibility brings additional
features compared to usual polymers, which can potentially lead to new
properties, such as improved processing, self-healing behavior or stimuli re-
sponsiveness.

It is possible to find in the literature early examples describing the
formation of hydrogen-bonded oligomers from simple monomers such as
4-(thio)pyridone [1, 2] or dialkylureas [3, 4]. However, the concept of supra-
molecular polymers was really demonstrated in 1990 by Lehn et al., who
prepared a liquid crystalline supramolecular polymer by self-assembly of
two complementary monomers [5]. Moreover, a decade ago, Meijer et al. de-
scribed the first supramolecular polymer which formed highly viscous dilute
solutions [6], thus proving that it is possible to obtain polymer-like rheolog-
ical properties. Usually, the monomers can be schematized as two (or more)
hydrogen bonding moieties linked through a spacer (Fig. 1). According to the
topology of the hydrogen bonding groups, three main classes of hydrogen-

Fig. 1 Schematic representation of supramolecular polymers assembled from self-comp-
lementary AA (a) or AB (c) monomers or complementary A – A + B – B (b) monomers
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Fig. 2 Structure of UPy dimer (a) and monomer 1 (b)

of polymerization of DPn = 1800 (Mn = 1.3!106 g mol–1) at 0.04 mol L–1

(30 g L–1) in chloroform can be estimated. It is then not surprising that
these solutions show a high viscosity (!/!0 = 12 at a concentration C =
0.04 mol L–1) and a high concentration dependence of the viscosity (!/!0 "
C3.7) [6]. The value of this exponent is in agreement with Cates’s model for
reversibly breakable chains above the overlap concentration [26, 27].

2.1.2
Benzene-Tricarboxamide (BTC)

Several BTC derivatives (Fig. 3a) have been shown to form viscoelastic solu-
tions in non-polar solvents such as n-alcanes [28]. Based on the crystalline
structure of a model compound [29], a supramolecular structure has been
proposed. In this proposed structure, monomers are stacked onto each other
due to the formation of three hydrogen bonds between the amide groups and
to "-stacking between the aromatic groups (Fig. 3a). Because aromatic and
amide groups tend to favor a coplanar conformation, the hydrogen bonds do
not lie parallel to the column axis, but are tilted. Thus, the hydrogen-bond
pattern is believed to be helical [30, 31]. However, the presence of a significant
fraction of free NH groups detected by FTIR spectroscopy suggests that many
defects are present in this helical hydrogen bonding pattern [32].

The consequence of this organization at the molecular level is that BTC
solutions in decane are viscoelastic fluids with a nearly perfect Maxwellian
behavior [33]. The reason why this BTC system is viscoelastic whereas the
previous UPy based system is purely viscous (Newtonian behavior) is proba-
bly related to a more rigid backbone and/or to a slower breaking of the chains.
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3.2
Influence of the Solvent

Because of its electrostatic component, the hydrogen bond is affected by the
solvent polarity: the lower the polarity of the solvent, the stronger the asso-
ciation [91]. Quantitatively, this effect can be quite significant for HBSPs: for
instance the self-association constant of bis-urea 3 is two orders of magnitude
larger in toluene than in chloroform [92]. This translates into a tenfold effect
on the degree of polymerization.

In addition to this classical polarity effect, the solvent can have a more
subtle influence. In the case of monomer 16 (Fig. 20) hydrogen bonding in
chloroform leads to the formation of a usual flexible supramolecular polymer.
However, in dodecane the dimerization of the ureidotriazine is reinforced
by a solvophobic stacking of the aromatic parts, which yields a columnar
architecture [93]. A similar solvophobic effect has been demonstrated with
a UPy-based monomer [94]. Another possible “side effect” of the nature of
the solvent is the occurrence of specific host–guest interactions between the
HBSP and the solvent [42, 95, 96].

Fig. 20 Structure of monomer 16

The case of water is apart due to its biological and environmental rele-
vance. However, designing a HBSP in water is a challenge, because of the
polarity and hydrogen bonding ability of water. Nevertheless, several systems
based on ureas [97], peptides [47–50, 98], heteroaromatic compounds [93,
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3.8
Coupling Electro-Optical Properties

Functional supramolecular polymers have been designed by introducing
particular chromophores, such as quinacridone [147], perylenes [148–150],
oligophenylenevinylenes [151, 152], porphyrins [117, 153–155] or merocya-
nine dyes [156], within the monomer structure. The self-assembly process, by
altering the distance between the chromophores, may be coupled to a particu-
lar electro-optical property (fluorescence, energy transfer). This could be of
interest in the fields of light harvesting and long-range vectorial transport of
excitation energy.

3.9
Polarity of the Chain

By analogy with the pointed and barbed ends of actin filaments [157], it is
worthwhile designing HBSPs with two different extremities. This feature is
particularly useful in the context of surface grafting of supramolecular poly-
mers (Sect. 3.11). Dialkylureas (Fig. 23) are very simple monomers where this
breaking of symmetry directly results from the structure of the monomer:
one extremity exposes a free carbonyl group to the solvent, while the other
extremity presents hydrogen giving groups [4, 90, 158]. More complex bow-
shaped monomer 19 (Fig. 24) has also been shown to form directional as-
semblies [159]. In strongly associated systems like BTC [160] and CTC [161]
(Sects. 2.1.2 and 2.1.3), the symmetry breaking along the chain is responsible

Fig. 23 Hydrogen bonding pattern of dialkyl ureas

Fig. 24 Hydrogen bonding pattern of supramolecular polymer 19
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tion(s) is(are) used to either functionalize and/or cross-
link the covalent polymer backbone, thereby creating
highly functionalized polymers with tailorable properties.
This Account will concentrate on the second strategy, side-
chain-functionalized supramolecular polymers, and de-
scribe current approaches to noncovalently side-chain-
functionalized polymers with an emphasis on multi-
functionalization.

Homofunctionalization via Side-Chain
Self-Assembly
The self-assembly processes that govern Nature’s com-
plexity can be broken down into single types of nonco-
valent interactions working in unison to create complex
structures. One example is the zinc finger, which consists
of 30 amino acid residues forming two antiparallel ! sheets
and an R helix held together by a zinc ion. While the
complicated morphology of a zinc finger might be hard
to mimic with a synthetic polymer, the underlying prin-
ciples governing structural biology can be utilized in
synthetic polymer chemistry. Polymer scientists initially
broke down Nature’s complexity by using a single non-
covalent interaction to functionalize polymeric receptors
with small molecule substrates. This strategy allowed for
the production of different types of homofunctional
polymers from the same generic polymeric precursor
(Scheme 1).

Homofunctionalization via Hydrogen Bonding
The majority of reports on the homofunctionalization of
polymers utilize hydrogen bonding as the assembly
mechanism.9,10 The versatility of hydrogen bonding in
polymer functionalization is owed primarily to the re-
sponsiveness of these bonds. Hydrogen bonds can be
manipulated with a variety of external stimuli, including
temperature, solvent, and pH.9 While single hydrogen
bonds are fairly weak (2-5 kcal/mol), arrays of multiple
hydrogen bonds can be significantly stronger with as-

sociation constants approaching 109 M-1 (in nonpolar
solvents) for some quadruple hydrogen-bonded structures
(Figure 1).9

Self-complementary systems, such as ureidopyrimi-
done (UPy2), are undesirable for polymer functionalization
since they result in the uncontrolled cross-linking of
polymers and not in the controlled functionalization of
the materials.9 Therefore, researchers have focused their
attention on non-self-complementary recognition pairs
such as the diaminopyridine:thymine (DAP:THY) interac-
tion, i.e., they have focused on hydrogen-bond arrays
originating from functional groups that have a low ten-
dency to self-dimerize in nonpolar solvents (Kd < 50 M-1).9

Kato and Fréchet led the early work on the hydrogen-
bonding-based functionalization of polymers to synthesize
liquid crystalline materials.11 While these studies are
instrumental to the field, they have been reviewed exten-
sively before11 and the field has moved to more general
functionalized systems ranging from nanomaterials to
biomimetic materials.12,13

Among the leading research groups working on side-
chain supramolecular polymer functionalization is the
group of Rotello. The majority of their contributions are
based on the noncovalent functionalization of polymers
with small molecules via hydrogen bonding. The Rotello
group coined the phrase “plug and play” to describe this
modular hydrogen-bonding functionalization strategy.15

The plug and play approach uses noncovalent synthesis
to expand organic polymers into functional composite
materials using a variety of small molecules for function-
alization which can be used to influence bulk material
properties.16 Among the first examples was the function-
alization of a diaminotriazine-bearing poly(styrene) (1)
with flavin (2) through a triple, non-self-complementary

Scheme 1. Noncovalent Synthesis of Different Polymers from a
Generic Polymer Backbone

FIGURE 1. Complementary hydrogen-bonding pairs frequently used
in supramolecular assemblies.

Functionalization of Polymeric Scaffolds South et al.
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hydrogen-bond array (Scheme 2).14 In this case, the
polymer morphology changed from a folded state (due
to triazine dimerization) to a fully unfolded state (1:(2)n)
upon introduction of flavin. In addition, by using spin
casting to kinetically trap host-guest complexes in poly-
(styrene) films, the Rotello group was able to demonstrate
the recognition of guests in various polymeric host
systems.15 This methodology was then expanded further
by Rotello into nanoscience with the development of the
“brick and mortar” strategy.17 For example, poly(styrene)s
(mortar) functionalized with terminal thymine groups
were hydrogen bonded to gold nanoparticles (bricks)
containing complementary diaminopyridine receptors.
These polymer-gold nanoparticle assemblies served then
as the basis for the exploration of multivalency in recogni-
tion-induced polymersomes (RIPs).17

Similarly, the research efforts of our laboratory focused
on rapidly optimizing materials via functional polymer
libraries. Our objectives were 2-fold: (i) employment of a
fully functional-group-tolerant and living polymerization
method that results in highly controllable and well-defined
polymers and (ii) use of a recognition unit that will allow
for high-yielding functional-group attachment during the
noncovalent functionalization steps. To achieve the first
objective we employed ROMP, a living and fully functional-
group-tolerant polymerization method.3 Objective two was
met with the introduction of N-butylthymine (NBT) onto
both diaminopyridine (3) and diaminotriazine polymeric
receptors (Scheme 3).18 These diaminopyridine- (3) and
diaminotriazine-functionalized polymers were then self-
assembled with thymine-based molecules to create highly
functionalized polymers (3:(NBT)n). The presence of the
polymer did not significantly impact the association
constant between the recognition partners, and it was
possible to tune the polymer properties by adding small
molecule substrates to the polymeric receptors.

While self-complementary hydrogen-bonding systems
are undesirable for polymer functionalization, such sys-
tems can be used to influence polymer morphology. Using
ROMP, the Sleiman group synthesized adenine-function-
alized copolymers that are able to fold into cylindrical
morphologies arising from the self-complementary of the
adenine units.19 A similar self-complementary backbone
was explored further with a series of triblock copolymers
containing diacetoamidopyridine and its complementary

dicarboximide.20 Sleiman reported that varying the triblock
sequence and ratio resulted in different self-assembled
architectures.20

Side-Chain Functionalization via Metal
Coordination
The second class of noncovalent interaction that has been
employed in supramolecular polymer functionalization is
metal coordination. Despite the extensive use of metal
coordination in main-chain supramolecular polymers,21

its use for the functionalization of side-chain supramo-
lecular polymers has been explored extensively only in the
past 5 years. While hydrogen bonding is a relatively weak
interaction, metal coordination is a significantly stronger
binding interaction and yet can still be manipulated by
external media, such as solvent and competitive coordi-
nating ligands. An obvious place to start investigating the
viability of polymerizable metal complexes and polymers
functionalized through metal coordination are pyridyl-
based systems, since a number of pyridine-based ligands
are commercially available and many pyridine-based
ligands can be structurally modified. Moreover, pyridyl-
based complexes are prominent as actors in various
materials including light-emitting materials and solar cells.
Specifically, bipyridines (bpy) and terpyridines (trpy) are
desirable since they can act as ! acceptors to stabilize
various metal oxidation states and are known to coordi-

Scheme 2. Hydrogen-Bonding Recognition between Diaminotriazine-Functionalized Copolymer and Flavin

Scheme 3. Noncovalent Functionaliziation of Diaminopyridine-Based
Polymers with Complementary Thymine Substrates

Functionalization of Polymeric Scaffolds South et al.
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functionalization of polymershydrogen-bond array (Scheme 2).14 In this case, the
polymer morphology changed from a folded state (due
to triazine dimerization) to a fully unfolded state (1:(2)n)
upon introduction of flavin. In addition, by using spin
casting to kinetically trap host-guest complexes in poly-
(styrene) films, the Rotello group was able to demonstrate
the recognition of guests in various polymeric host
systems.15 This methodology was then expanded further
by Rotello into nanoscience with the development of the
“brick and mortar” strategy.17 For example, poly(styrene)s
(mortar) functionalized with terminal thymine groups
were hydrogen bonded to gold nanoparticles (bricks)
containing complementary diaminopyridine receptors.
These polymer-gold nanoparticle assemblies served then
as the basis for the exploration of multivalency in recogni-
tion-induced polymersomes (RIPs).17

Similarly, the research efforts of our laboratory focused
on rapidly optimizing materials via functional polymer
libraries. Our objectives were 2-fold: (i) employment of a
fully functional-group-tolerant and living polymerization
method that results in highly controllable and well-defined
polymers and (ii) use of a recognition unit that will allow
for high-yielding functional-group attachment during the
noncovalent functionalization steps. To achieve the first
objective we employed ROMP, a living and fully functional-
group-tolerant polymerization method.3 Objective two was
met with the introduction of N-butylthymine (NBT) onto
both diaminopyridine (3) and diaminotriazine polymeric
receptors (Scheme 3).18 These diaminopyridine- (3) and
diaminotriazine-functionalized polymers were then self-
assembled with thymine-based molecules to create highly
functionalized polymers (3:(NBT)n). The presence of the
polymer did not significantly impact the association
constant between the recognition partners, and it was
possible to tune the polymer properties by adding small
molecule substrates to the polymeric receptors.

While self-complementary hydrogen-bonding systems
are undesirable for polymer functionalization, such sys-
tems can be used to influence polymer morphology. Using
ROMP, the Sleiman group synthesized adenine-function-
alized copolymers that are able to fold into cylindrical
morphologies arising from the self-complementary of the
adenine units.19 A similar self-complementary backbone
was explored further with a series of triblock copolymers
containing diacetoamidopyridine and its complementary

dicarboximide.20 Sleiman reported that varying the triblock
sequence and ratio resulted in different self-assembled
architectures.20

Side-Chain Functionalization via Metal
Coordination
The second class of noncovalent interaction that has been
employed in supramolecular polymer functionalization is
metal coordination. Despite the extensive use of metal
coordination in main-chain supramolecular polymers,21

its use for the functionalization of side-chain supramo-
lecular polymers has been explored extensively only in the
past 5 years. While hydrogen bonding is a relatively weak
interaction, metal coordination is a significantly stronger
binding interaction and yet can still be manipulated by
external media, such as solvent and competitive coordi-
nating ligands. An obvious place to start investigating the
viability of polymerizable metal complexes and polymers
functionalized through metal coordination are pyridyl-
based systems, since a number of pyridine-based ligands
are commercially available and many pyridine-based
ligands can be structurally modified. Moreover, pyridyl-
based complexes are prominent as actors in various
materials including light-emitting materials and solar cells.
Specifically, bipyridines (bpy) and terpyridines (trpy) are
desirable since they can act as ! acceptors to stabilize
various metal oxidation states and are known to coordi-

Scheme 2. Hydrogen-Bonding Recognition between Diaminotriazine-Functionalized Copolymer and Flavin

Scheme 3. Noncovalent Functionaliziation of Diaminopyridine-Based
Polymers with Complementary Thymine Substrates
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nate a variety of metals. We and others have explored the
polymerization behavior of various norbornene-based
transition-metal complexes containing bpy monomers
that can be polymerized via ROMP.22,23 Norbornene-based
monomers containing (tris-bpy)ruthenium(II) (5), (bis-
bpy)palladium(II) (6), and heterolyptic ruthenium com-
plexes (4) (Figure 2) were synthesized and polymerized.
Similarly, Ru(II) tris-bpy block copolymers synthesized by
Sleiman were found to self-assemble in acetonitrile/
toluene solutions into micellar aggregates with lumines-
cent properties similar to the monomeric analogues.22

While ROMP has been highly successful in producing
well-defined polymers containing pyridyl-based metal
complexes, other polymerization methods have also been
investigated. Tew and Schubert demonstrated the con-
trolled radical polymerization of trpy-containing mono-
mers to yield trpy-functionalized poly(styrene) and poly-
(acrylate) copolymers. Postpolymerization modification
via metal coordination of the copolymers proved to be a
versatile route to polymers functionalized with metal
complexes.24-27

Pincer-type complexes containing platinum-group met-
als have also become versatile tools in supramolecular
science.28 Van Koten and others used pincer complexes
as supramolecular synthons for a variety of applications
in supramolecular chemistry and catalysis.28 Covalent
tethering of pincer complexes to polymers can give rise
to versatile and responsive materials via simple nonco-
valent functionalization. In 2002, we reported the first
side-chain pincer-functionalized polymer (7) that could
be functionalized easily and quantitatively with pyridines
(9) and nitriles (10), resulting in formation of fully soluble
and highly functionalized metal-coordination polymers (8:
(9)n and 8:(10)n) (Scheme 4).29

While we and others have shown that rapid function-
alization of polymers can be accomplished via side-chain
self-assembly by either hydrogen bonding or metal coor-
dination, our ultimate goal lies in extending these tech-
niques to incorporate multiple functionalities for highly
complex materials. However, a reoccurring problem we
encountered in using poly(norbornene)s as scaffolds for
noncovalent polymer functionalization was an inability

to control the polymerization rate of endo/exo norbornene
mixtures. To overcome this problem, we employed iso-
merically pure exo-norbornene esters as monomers. We
not only obtained efficient and controlled polymerizations
of all functionalized monomers but also were able to
polymerize norbornenes containing Pd(II) pincer com-
plexes and/or diaminopyridine groups in a living fashion.30

This was an important step in advancing our methodology
into more complicated systems and enabled full archi-
tectural control in the next generation of noncovalently
functionalized polymers.

Multifunctionalization via Side-Chain
Self-Assembly
In the previous section we outlined some examples where
scientists have used noncovalent interactions to produce
homofunctional polymers. One remaining challenge is the
development of abiotic systems with nonbiological func-
tions that rival Nature’s complexity.8 An important prob-
lem in polymer chemistry is one that Nature probably
encountered a long time ago: production of multifunc-
tional polymeric architectures with narrow polydispersi-
ties. Years of research have been devoted to create
functional-group-tolerant catalysts and living polymeri-
zation techniques. However, such covalent approaches
often fall short of natural analogues that utilize nonco-
valent interactions. Therefore, we and others began to
envision noncovalent multifunctionalization strategies as
simple alternatives to covalent approaches toward mul-
tifunctional polymers.

A number of groups have taken advantage of multiple
types of noncovalent interactions to produce supramo-
lecular structures based on both natural and non-natural
recognition motifs. Metal coordination in concert with
hydrogen bonding has been used to synthesize dendrim-
ers31 and supramolecular polymers.32 Both hydrogen-
bonding and ionic interactions have been used in the
synthesis of thermotropic liquid crystals,33 self-organizing
polymeric materials,34 interwoven supramolecular arrays,35

electrochemical switchable dyes,36 molecular elevators,37

and functionalized surfaces.38

While these are examples of supramolecular structures
formed through multiple types of noncovalent interac-
tions, use of different types of interactions on the side-
chains and in the main-chains of polymers was not
demonstrated when we started investigating this strategy
6 years ago.13 This was surprising given that noncovalently
functionalized copolymers can potentially minimize many
of the problems associated with traditional covalent
copolymer synthesis.39 For instance, multiple functional-
ities can be introduced noncovalently onto a copolymer
with few side reactions. Side reactions that might occur
can be corrected since the multifunctionalized polymer
has the ability to “self-heal”. We envisaged a strategy that
would allow for functionalization of a single polymer
backbone bearing noncovalent receptors with different
types of substrate motifs (Scheme 5), thereby creating fully
functionalized copolymers fast and efficiently.

FIGURE 2. Bipyridine-containing polymers reported in the literature.

Functionalization of Polymeric Scaffolds South et al.
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In our laboratories the use of multiple noncovalent
interactions to functionalize a single polymer backbone
has proven to be an exciting new route to densely
functionalized random and block copolymers as well as
terpolymers. In a series of reports,13,40-47 we were able to
functionalize polymers bearing two or three complemen-
tary noncovalent receptors and/or hosts with their cor-
responding substrates and/or guests. We examined in
detail different strategies for obtaining densely function-
alized polymers, including the use of (i) two different
hydrogen-bonding motifs, (ii) both weak and strong
hydrogen-bonding motifs in concert with metal coordina-
tion, and (iii) ionic interactions combined with metal
coordination and/or hydrogen bonding. Our goal in all
of these endeavors was to develop a generalized route to
highly functional polymers. Of foremost concern was the
orthogonality of the functionalization sequence. Keeping
this in mind, we designed and synthesized several poly-
meric scaffolds that can accommodate a variety of non-
covalent functionalities that interact very little, if any, with
neighboring groups. This allowed us to modify the order
of the postpolymerization functionalization steps as well
as achieve a rapid, one-pot functionalization in many
cases (Scheme 6).

Polymer Multifunctionalization via Self-Sorting
First, we examined the possibility of using different
hydrogen-bonding recognition processes to functionalize
copolymers using the same type of interaction through a
process known as “self-sorting” (molecules that specifi-
cally associate with themselves: narcissistic molecules48 or
other molecules: social molecules49 through noncovalent
interactions in the presence of other competitive nonco-
valent forces are referred to as “self-sorting” molecules).
Hallmark examples of hydrogen-bonding “self-sorters” are
the biopolymers DNA and RNA that are able to match base
pairs with very few mistakes along a polymeric backbone,

Scheme 4. Formation of Polymeric Liquid Crystals through the Noncovalent Functionalization of Pincer-Containing Homopolymers

Scheme 5. Noncovalent Approach to Different Copolymers from a
Generic Polymer Backbone

Scheme 6. Generalized Orthogonal Route to Multifunctional
Polymersa

a Addition of substrate with (a) recognition type I; (b) recognition type
II; (c) one-pot addition of both substrates.

Functionalization of Polymeric Scaffolds South et al.
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self-sorting

despite the presence of competing nonspecific hydrogen-
bonding interactions. Isaacs and co-workers found that
many molecular systems are capable of “self-sorting”.50

On the basis of the incredible fidelity of small molecule
“self-sorters” and biomacromolecular “self-sorters” like
DNA and RNA, we decided to investigate unnatural,
polymeric “self-sorters”. The “self-sorting” processes we
chose to study along polymer backbones were the as-
sociation between thymine (THY) and diaminopyridine
(DAP) through DAD-ADA triple hydrogen-bond arrays and
association between cyanuric acid (CA) and isophthalic
wedge-type receptors (Wedge) through DAD-ADA sextuple
hydrogen-bond arrays (Scheme 7).

A potential challenge for achieving “self-sorting” in
polymer solutions is overcoming competitive interactions
beyond those that exist in dilute small molecule solutions
because of a high local concentration of competitive
noncovalent interactions along a polymer chain. Despite
this obstacle, we found that in both block and random
copolymers (11) bearing competitive hydrogen-bonding
receptors “self-sorting” can be achieved, i.e., two competi-
tive recognition pairs along a polymer backbone are able
to recognize each other with high fidelity (Scheme 8).43

In addition to the observation of “self-sorting” in
supramolecular polymers, we also investigated the pos-
sibility of using two competitive hydrogen-bonding in-
teractions to achieve stepwise site-specific polymer mul-
tifunctionalization. We studied the addition of diamino-
pyridine (DAP) to a random copolymer (11) containing
both cyanuric acid and thymine receptors. While the
thymine is the target receptor for DAP, cyanuric acid is
also able to hydrogen bond with DAP via a triple hydrogen-

bond-based interaction, thereby competing with the
thymine receptors. Using 1H NMR spectroscopic titration
experiments we established that DAP and the cyanuric
acid receptors are indeed interacting with each other
through a mismatch that could be relieved upon addition
of Wedge to the mixture, resulting in the fully functional
copolymer (11:(DAP)n(Wedge)m).

Our unnatural polymeric “self-sorters” behave similarly
to biomacromolecular analogues such as DNA or RNA.
Despite the presence of very high local concentrations of
competitive hydrogen-bonding actors along the polymer
backbones, we observed that highly specific hydrogen-
bonding interactions prevail over nonspecific mismatches.
Clearly, polymeric “self-sorting” functions as an efficient
means for obtaining multifunctional polymers at the very
least and serves as an interesting example of how tools
used by Nature can potentially be translated to synthetic
systems.

Polymer Multifunctionalization via Metal
Coordination and Hydrogen Bonding
We hypothesized that a more modular polymer function-
alization strategy could be realized through the use of two
unique types of molecular recognition that would not
interfere with each other, such as metal coordination and
hydrogen bonding. We demonstrated that random co-
polymers (12) bearing side-chains with Pd(II) pincer
complexes and diaminopyridine receptors could be func-
tionalized with pyridines (Pyr) (through metal coordina-
tion) and thymines (NBT) (through DAD-ADA hydrogen-
bond arrays) by both stepwise and one-step, orthogonal
synthetic strategies (Scheme 9).41

This multicomponent functionalization strategy was
found to be efficient, and fully functionalized random
copolymers could be easily obtained. Most importantly,
characterization of the functionalized polymers proved
facile. The lack of interference between the two function-
alized side-chains could be established by 1H and 13C NMR
spectroscopy experiments. Figure 3 shows an example of
a 1H NMR spectroscopic characterization of the one-pot
functionalization strategy. The R-pyridyl signals display a
marked upfield shift upon coordination, and the imide
proton signal originating from the thymine substrate

Scheme 7. Self-Sorting, Mismatching, and Self-Repair in Triple
DAD-ADA and Sextuple DAD-ADA Hydrogen-Bond Arrays

FIGURE 3. Stacked plot of a partial 1H NMR spectrum (400 MHz,
298 K, CD2Cl2) used to characterize the copolymer functionalization:
(A) Pyr, (B) NBT, (C) 12, and (D) fully functionalized 12:(Pyr)m(NBT)n.
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block copolymers

study. Therefore, we concluded that both block and
random copolymers are excellent candidates for obtaining
multifunctional polymers through a combination of metal
coordination and hydrogen bonding.

Polymer Multifunctionalization via
Hydrogen-Bonding and Ionic Interactions
We reasoned that other types of interactions such as
Coulombic forces could also be used in our orthogonal
multifunctionalization strategy. Our hypothesis was that
the combination of hydrogen-bonding and ionic interac-
tions would be an interesting new route to bifunctional
ionomers. We found that bifunctional ionomers based on
diaminopyridine and thymine recognition partners and
ammonium salts could be synthesized through stepwise
or one-step orthogonal strategies (Scheme 11).47 Most
importantly, the presence of the ionic complex does not
interfere with the hydrogen-bonding strength of the DAP:

THY pair and the hydrogen-bonding interactions do not
impede ion exchange. These results demonstrate that
noncovalent synthetic strategies based on two recognition
events are not limited to metal coordination and hydrogen
bonding.

Polymer Multifunctionalization via Metal
Coordination and Pseudorotaxane Formation
Our initial noncovalent, orthogonal polymer functional-
ization strategies relied either on metal coordination or
Coulombic interactions with a high association constant
(Ka) and a hydrogen-bonding process with a lower Ka or
on two hydrogen-bonding recognition events. While these
combinations are certainly suitable for some applications,
such as cross-linked materials,42 other applications require
two strong interactions in order to truly rival a covalently
functionalized copolymer analogue. Thus, we developed
such a system by combining the Pd(II) pincer-type metal

Scheme 10. Block Copolymer Functionalization through Metal Coordination and Hydrogen Bondinga

a Reagents: (a) DAP; (b) pincer complex (Pinc); (c) DAP, Pinc, one pot.

Scheme 11. Copolymer Functionalization through Ion Exchange and Hydrogen Bondinga

a Reagents: (a) NBT; (b) sodium dodecyloxyphenate (SDP); (c) NBT and SDP.

Functionalization of Polymeric Scaffolds South et al.
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self-organizable polymers

a dendritic side chain attached to each repeat unit (Scheme 1).
In a landmark experiment, Tomalia demonstrated that a lin-
ear poly(ethyleneimine) could be used as the core for the
divergent synthesis of propyleneimine dendron side chains.3,4

The convergent synthesis of benzyl ether dendrons introduced
by Hawker and Fréchet5 was used for the synthesis of den-
dronized polymers. In addition to our efforts using first-gen-
eration self-assembling dendrons,6–8 other groups demon-
strated that higher generation benzyl ether dendrons could be
employed in the synthesis of dendronized polymers.9,10

Unlike Fréchet-type benzyl ether dendrons, which are amor-
phous,5 self-assembling dendrons have an amphiphilic struc-
ture that allows them to form ordered arrays.11,12

Dendronized polymers containing self-assembling den-
drons form cylindrical or spherical objects whose diameters
are defined on the nanoscale (!30-100 Å). The fully
extended length of the cylindrical dendronized polymers can
be many orders of magnitude larger. Discrete cylindrical and
spherical structures with well-defined dimensions were visu-
alized and manipulated individually.13 Such features are desir-
able for top-down assembly of nanostructures and devices.
Importantly for bottom-up self-assembly, the self-assembling
dendrons allow the resulting cylindrical or spherical den-
dronized polymers to spontaneously generate periodic or qua-
siperiodic arrays.13 We refer to this process as self-
organization and to the supramolecules as self-organizable
dendronized polymers. Since the outset, we have been con-
cerned with the internal structure of the cylindrical self-organ-
izable dendronized polymers. The aim of this Account is to
survey the potential of self-organizable dendronized polymers
to bridge the integration gap between nano-, micro-, and mac-
roscopic structures and functions.

Bio-Inspired Design of Self-Organizable
Dendronized Polymers
The strategies to generate cylindrical and spherical den-
dronized polymers with covalent or supramolecular backbones
were inspired by the self-assembly of tobacco mosaic virus

(TMV) and of icosahedral viruses.14,15 TMV contains 2130
identical protein subunits that self-assemble in the presence of
viral RNA16 (Scheme 2a,b) and in its absence17 (Scheme 2c).
When combined with the viral RNA, the protein subunits
define the shape of the helical assembly while the RNA adopts
a helical conformation and defines the length of the rod-like
helical virus. Viral assembly is nucleated by insertion of a hair-
pin RNA into the central hole of the protein disk and in
between the two layers of subunits. In the absence of the RNA
component the protein subunits self-assemble into discs that
further organize into helical structures.

Scheme 3 illustrates our general approach to preparing
cylindrical and spherical polymers containing covalent and
supramolecular backbones. These polymers are based on
amphiphilic self-assembling dendrons, which play a role sim-
ilar to the protein subunits of TMV. Each tier in Scheme 3
identifies a unique level of structural correlation from primary
structure that involves the chemical composition and its
sequence (not shown) at the molecular level through to two-
and three-dimensional order in the supramolecular structure
and its self-organized lattice. Across the top row are geomet-
ric shapes that describe the conformations of the self-assem-
bling dendrons. The bottom row of Scheme 3 illustrates the
lattice symmetries of the various self-organized dendronized
polymer arrays. This Account will focus mostly on dendronized
polymers self-organized in columnar and cubic lattices. The
cubic bicontinuous lattice (Ia3̄d) was discussed elsewhere.18

The middle row illustrates the molecular self-assemblies that
comprise each lattice; these are individual dendronized
polymers.

Elucidation of any one tier requires structural analysis using
a combination of characterization techniques11,19 that will not
be discussed here, while the interrelationships that mediate
increasingly complex hierarchical order build upon informa-
tion from each stage. We refer to the process of interpolating
between information gleaned from each individual tier as ret-
rostructural analysis.11,12 Retrostructural analysis is made pos-
sible by self-organization that arises from jacketing polymer
backbones with self-assembling dendrons.

Self-Organizable Dendronized Polymers
with Covalent Backbones
Three different strategies are employed to prepare den-
dronized polymers with covalent backbones. The attach-to
strategy combines preformed linear polymers with self-assem-
bling dendrons. Such an approach was used with first-gener-
ation self-assembling dendrons attached via hydrosilation to
poly(methylsiloxane)s.6 A second approach involves polym-

SCHEME 1. Self-Organizable Dendronized Polymers Concepta

a DP ) degree of polymerization.

Induced Helical Backbone Conformations Rudick and Percec
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molecular machines?

addition of a suitable base such as tributylamine. In the
plug-in state (pseudorotaxane), an energy-transfer process
takes place, as evidenced by the quenching of the binaph-
thyl fluorescence, which is accompanied by the sensitiza-
tion of the fluorescence of the anthracenyl unit linked to
the ammonium ion. As a consequence of the reversibility
of the acid/base reactions, the energy-transfer process can
be switched on and off at will.

The plug/socket molecular-level concept can be ex-
tended to stereoselective systems, construction of molec-
ular-scale extensions,10 and design of systems where light
excitation induces an electron flow instead of an energy
flow.

5.2. A Controllable Molecular Shuttle. In rotaxanes
containing two different recognition sites in the dumbbell
component, it is possible to switch the position of the ring
between the two “stations” by an external stimulus.11 A
system which behaves as a chemically controllable mo-
lecular abacus is shown in Figure 4. It is made of a DB24C8
macrocycle and a dumbbell component containing a
dialkylammonium center and a 4,4!-bipyridinium unit. An
anthracene moiety is used as a stopper because its
absorption, luminescence, and redox properties are useful
for monitoring the state of the system. Since the hydrogen-
bonding interactions between the DB24C8 macrocycle and
the ammonium center are much stronger than the CT
interaction of the macrocycle with the bipyridinium unit,
the stable isomer is that in which the macrocycle sur-
rounds the ammonium station. Upon deprotonation,
displacement of the macrocycle to the bipyridinium unit
is obtained. The switching process is fully reversible. This
system could be useful for information processing since
it exhibits a binary logic behavior.12 It should also be noted
that, in the deprotonated rotaxane, the crown can be
displaced from the bipyridinium station by destroying the
CT interactions through reduction of the bipyridinium or
oxidation of the crown. It follows that in this system the
mechanical movements can be induced by two different
types of stimuli (acid/base and electron/hole), which is
an interesting possibility for future developments.

6. Molecular Machines Powered by
Electrochemical Energy
6.1. Controllable Ring Motions in Catenanes. In the
catenane shown in Figure 5,13 the electron acceptor
tetracationic cyclophane 14+ is “symmetric”, whereas the
other ring contains two different electron-donor units,
namely, a tetrathiafulvalene (TTF) and a 1,5-dioxynaph-
thalene (DN) unit. The TTF unit, which is the better

FIGURE 3. A molecular-level plug/socket device: “plug in/plug out” is acid/base controlled, and photoinduced energy transfer takes place
in the “plug in” state (CH2Cl2, room temperature).

FIGURE 4. A chemically controllable molecular shuttle: the ring
can be switched between the two “stations” of the dumbbell
component by base/acid inputs (MeCN, room temperature).

Artificial Molecular-Level Machines Ballardini et al.
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the stable isomer is that in which the macrocycle sur-
rounds the ammonium station. Upon deprotonation,
displacement of the macrocycle to the bipyridinium unit
is obtained. The switching process is fully reversible. This
system could be useful for information processing since
it exhibits a binary logic behavior.12 It should also be noted
that, in the deprotonated rotaxane, the crown can be
displaced from the bipyridinium station by destroying the
CT interactions through reduction of the bipyridinium or
oxidation of the crown. It follows that in this system the
mechanical movements can be induced by two different
types of stimuli (acid/base and electron/hole), which is
an interesting possibility for future developments.

6. Molecular Machines Powered by
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6.1. Controllable Ring Motions in Catenanes. In the
catenane shown in Figure 5,13 the electron acceptor
tetracationic cyclophane 14+ is “symmetric”, whereas the
other ring contains two different electron-donor units,
namely, a tetrathiafulvalene (TTF) and a 1,5-dioxynaph-
thalene (DN) unit. The TTF unit, which is the better

FIGURE 3. A molecular-level plug/socket device: “plug in/plug out” is acid/base controlled, and photoinduced energy transfer takes place
in the “plug in” state (CH2Cl2, room temperature).
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processes can be easily monitored by absorption and
fluorescence spectroscopy.

Second generation photochemically driven piston/
cylinder systems were then designed, in which the pseu-

FIGURE 7. Light excitation of a pseudorotaxane based on CT interactions. The processes indicated by dashed arrows are unlikely to occur
(see text).

FIGURE 8. Light-driven dethreading of pseudorotaxanes by excitation of a photosensitizer P as (a) an external reactant (MeCN or H2O, room
temperature), (b) a stopper in the wire-type component (EtOH, room temperature), and (c) a component of the macrocyclic ring (H2O, room
temperature).

Artificial Molecular-Level Machines Ballardini et al.
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prospectives

polyether component can be moved along the thread
according to predetermined patterns. For example, with
DB24C8 as a macrocycle and the three stations assembled
as in Figure 11, the macrocycle which is originally located
on the central station A1 can be displaced either toward
the left-hand side by reduction of A1 or toward the right-
hand site by protonation of the amine. By using the
photoactive [Ru(bpy)3]2+ unit as a stopper, the reduction
of A1 can be performed by light excitation.

The possibility to determine the direction along which
the macrocycle can be moved by selecting the nature of
the input opens the way to a variety of switching func-
tions.

8.2. Rotaxanes as Carriers. The controlled movement
of the ring component along the dumbbell in rotaxanes
can be exploited to transport chemical species. Such a

carrier function can be performed by appending to the
shuttling macrocycle a host (or guest) unit capable of
recognizing and linking an external species. In the ex-
ample shown in Figure 12a, the dumbbell component of
the rotaxane contains two different electron donors (e.g.,
a TTF and a DN unit), and the shuttling ring, which could
be the previously seen cyclophane 14+, is functionalized
with a crown ether (e.g., [24]crown-8) capable of linking
an ammonium species (e.g., anthracenylammonium).
Shuttling of the cyclophane is controlled by electrochemi-
cal inputs, while loading and unloading of the transported
amine can be controlled by acid/base inputs.

As a further elaboration of this concept, systems can
be designed in which the transported species is driven to
interact with another, appropriate unit. The system sche-
matized in Figure 12b represents an example of redox-
controlled formation of an exciplex via the rotaxane “rail”.

A number of other functions based on rotaxanes as
carriers can be devised, such as stretching of a molecular
spring (Figure 12c), a movement that could be at the basis
of artificial molecular-level muscles.23

8.3. Unidirectional Ring Rotation in Catenanes. In
catenanes such as that shown in Figure 5, it is possible to

FIGURE 11. A three-station rotaxane in which the direction of ring
displacement is determined by the selected input.

FIGURE 12. A rotaxane carrier powered by electrochemical inputs designed to perform (a) transport of an amine, (b) formation of an exciplex,
and (c) stretching of a molecular spring.

Artificial Molecular-Level Machines Ballardini et al.

VOL. 34, NO. 6, 2001 / ACCOUNTS OF CHEMICAL RESEARCH 453
Acc. Chem. Res. 2001, 34, 445-455


