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Macrocyclic polymers are fascinating molecules that have
triggered the curiosity of biologists, chemists and theore-
ticians since the discovery of cyclic DNA in living cells,
more than 50 years ago [1, 2]. The topological restriction
imposed by the cyclic architecture and the absence of chain
ends in ring polymers result in original properties, some of
which have yet to be completely elucidated. For example,
it has been shown that cyclic polymers have smaller
hydrodynamic volumes and radii and are less viscous than
their linear analogues. Other specific properties such as
diffusion and viscoelastic behaviors, which should also be
strongly influenced by the cyclic topology, have been only
marginally explored due to the limited availability of the
corresponding high molar mass macrocycles.

Much less is known about more complex ring topologies
such as knotted and catenated macromolecular rings
(Scheme 1) that are also found in nature. Their mechanism
of formation and their function are still unclear, and
increasing efforts are being conducted to tentatively pre-
pare and investigate their specific characteristics and
properties.

Various examples of cyclized and pluri-cyclized DNA
macromolecules have been reported in the literature since
the pioneer work of Clayton [3] who identified circular
forms of mitochondrial DNA in extracts of human leuke-
mic leucocytes, both in the form of circular dimers and as
catenanes made up of interlocked rings.

The winding of DNA in higher-order forms such as
knots and catenanes was also shown on electron
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micrographs of DNA molecules coated with Echerichia
coli RecA protein. It was found that DNA topoisomerase [
of E. coli generates an equal mixture of (4) and (—) duplex
DNA knots, as well as catenanes [4]. Together, RecQ
helicase and topoisomerase III (Topo III) of E. coli com-
prise a potent DNA strand passage activity that can
catenate covalently closed DNA [5]. The structure of the
catenated DNA species formed by RecQ helicase and Topo
III was directly assessed using atomic force microscopy
(AFM) [6] (Fig. 1).

The mechanism by which topoisomerase mediates
knotting of supercoiled DNA was investigated by Wass-
erman [7]. Knotting was explained by DNA contacts
stabilized by enzyme molecules.

DNA catenanes and large circular DNA have also been
prepared by the reaction of T4 DNA ligase with linear
DNA in the presence of nicked DNA [8, 9].

In addition to naturally occurring macrocycles and the
investigation of their formation mechanisms, the prepara-
tion and the study of well-defined synthetic ring polymers
as models of natural rings, has been implemented. Pre-
liminary studies were first oriented towards polymer
systems bearing reactive functions on the backbone chain,
such as polydimethylsiloxanes [10], polyethers [11],
polyesters [12], and so forth.

The synthesis of cyclic polymers by end-to-end coupling
of chains, first proposed by Casassa [13], was experimen-
tally performed in 1980 [14, 15] by the ring closure of
living «, w-difunctional polymer chains in the presence of a
difunctional coupling agent, under very dilute conditions.
Cyclization, which is a bimolecular process, leads gener-
ally in the case of large macromolecules to low yields, and
fractionation procedures are required to remove residual
linear chains and polycondensates. An alternative and more
efficient route based on a unimolecular ring closing process
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Scheme 1 Some cyclic
polymer structures: a ring,
b knotted ring, ¢ catenated ring

Fig. 1 DNA rings and catenane from [6]

has also been proposed [16—18]. It involves the end-to-end
coupling of o,w-heterodifunctional linear chains bearing
mutually reactive end functions activated in the presence of
a catalyst under diluted conditions.

Various other ways to prepare polymer rings have been
recently explored [19-23], but again the preparation of
relatively low molar mass macrocycles, typically less than
10,000 g/mol, is almost exclusively reported. Several
reviews containing further details on the preparation
methods of macrocycles can be found in the literature
[24-26].

Scheme 2 Strategy for the
preparation of large polymer
rings and their conversion into
comb macrocycles

Fig. 2 AFM images of cyclic PS combs in admixture with linear and
of secondary comb structures: linear dimer (Lp) cyclic dimer (Cp),
tadpole (7)) and eight shape bicycles (Bp)

We have recently developed a new strategy to synthesize
large polymer macrocycles and to investigate them by direct
molecular imaging [27, 28]. The synthesis is based on the
preparation of triblock copolymers, in which a long central
block constituted of up to 1,000 chloroethyl vinyl ether
(CEVE) monomer units is extended by two short sequences
bearing mutually reactive functions, (Scheme 2). In a
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Fig. 3 (/) and (2) AFM phase
images of trefoil knotted
macromolecular rings. (3) and
(4) AFM topographic images of
[2] catenanes. The initial ring
macromolecules were magnified
by grafting polystyrene
oligomers

Left-handed

second step, the external sequences are selectively activated
under high dilution to allow their intramolecular coupling
and to form the corresponding macrocycles. Finally, in order
to enlarge the macromolecular rings, oligomer chains are
grafted onto the backbone ring to obtain the corresponding
circular combs (Scheme 2). This can be readily achieved by
reacting living anionic chains, such as polystyryl lithium,
onto the chloride functions of the CEVE units.

Thanks to their large ring size and comb structure, the
macrocyclic polymers can be directly analyzed by atomic
force microscopy (AFM) as isolated molecular objects.
Figure 2 shows AFM images of a series of cyclic PS combs
in admixture with linear combs resulting from uncyclized
PCEVE precursors. Their relative proportion corresponds to
cyclization yields ranging from 60 to 70%. In addition, we
can also notice the presence of noticeable amounts of vari-
ous dimer structures corresponding to linear (Lp) and cyclic
(Cp) dimers, tadpole (Tp), and eight shape bicycles (Bp).

AFM molecular analysis can be pushed further
by investigating molecule-by-molecule large sets of

macromolecules. This permits the characterization of sec-
ondary polymer architectures that form in very small
proportions (<1%). This approach allowed us to collect
fascinating images of trefoil knotted rings and catenanes
[29-32] and, by quantifying their relative amount, to
establish their probable formation mechanism.

Knotted macromolecular rings, in the form of right and
left topological diastereoisomers and [2] catenanes, are
shown in Fig. 3. As emphasized on the inset of images (1)
and (2), the path of the knot crosses three times over itself,
which corresponds to the simplest trefoil knotted rings.
Catenanes are constituted of two interlocked rings with two
crossing points of greater eights that appear as two white
spots on images (3) and (4).

Conclusion

Circular polymers are intriguing naturally occurring mac-
romolecules that are found as single rings but also in the
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form of more complex structures such as knotted rings and
catenanes.

Although some of their mechanisms of formation have
been elucidated, it is still unclear whether their formation is
a random and accidental process or if their original archi-
tecture is justified by specific properties developed by the
corresponding circular structure. The recent progress in the
synthesis and in the methods of investigation of well-
defined synthetic ring polymers, which are interesting
models of natural macrocycles, will contribute to a better
understanding of the specific role of this fascinating class
of macromolecules.
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