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Synthesis of cyclic polymers and topology effects
on their diffusion and thermal properties

Takuya Yamamoto

In comparison with their linear counterparts, cyclic polymers exhibit distinctive properties due to their topology. The synthesis

of cyclic polymers and the functionalities arising from their unique shapes, namely topology effects, are reviewed. The

electrostatic self-assembly and covalent fixation (ESA-CF) process was used in conjunction with click chemistry and with olefin

metathesis to construct selectively a variety of unprecedented polymer architectures, such as manacle-shaped and tandem

multicycles, as well as doubly fused tricyclic and triply fused tetracyclic topologies. Moreover, the self-assembly of a cyclic

amphiphilic block copolymer, which was prepared by intramolecular metathesis, produced micelles that exhibited an increase in

thermal stability of approximately 50 1C compared with the micelles formed from the linear prepolymer. Single-molecule

spectroscopic studies also revealed different diffusion modes for cyclic and linear polymers.
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INTRODUCTION

Remarkable progress in the synthesis of polymers with a tailored
architecture has extended polymer design from conventional linear
structures to nonlinear and complex topologies composed of
branched and cyclic segments. Unprecedented opportunities exist
for the design of functional polymeric materials through the
manipulation of their topologies. Among the various types of
topologies, cyclic constructions attract particular attention because
of their unique properties, which arise from the lack of chain ends.
Cyclic polymers exhibit distinctive static and dynamic properties,
including smaller hydrodynamic volumes, lower viscosities and higher
glass transition temperatures. Cyclic polymers exhibit diffusion modes
that are distinct from their linear and branched counterparts.1–4

Recently, new synthetic protocols have been developed to produce
diverse cyclic polymers with a high purity, providing a new platform
for the design of polymeric materials with novel topologies.1–3,5–11

Monocyclic structures, multicyclic structures and linear–cyclic topo-
logical block copolymers have been obtained through the use of these
novel synthetic protocols. Based on studies of these ring-containing
polymers, unusual properties and functions of the polymeric materi-
als, that is, topology effects, have been revealed that are unattainable by
either their traditional linear or branched12–14 counterparts.8,15,16 The
properties of a self-assembled cyclic amphiphilic block copolymer
have attracted a great deal of attention because the topology effect was
reported to be amplified.17 This review focuses on recent studies of
the synthesis of cyclic polymers and on the unique properties arising
from their self-assembly.

SYNTHESIS OF CYCLIC POLYMERS

The most straightforward synthetic approach for preparing cyclic
polymers is a reaction between the reactive end groups of a linear
prepolymer, namely a telechelic polymer, and a bifunctional coupling
reagent.7 The disadvantage of this bimolecular cyclization protocol is
that the process must be performed with strictly equimolar amounts
of a telechelics and a coupling reagent.18–20 Therefore, this process is
considered impractical. Unimolecular processes, which involve the
end-to-end reaction of a telechelics and do not require equimolar
amounts of two components, were later developed.21,22 Recently,
Grayson and co-workers23 prepared a telechelic polystyrene with
ethynyl and azido end groups, and they cyclized the polymer via
click chemistry. However, this approach involves synthetic difficulties
in the preparation of asymmetric telechelics. Ring-expansion
polymerization, which proceeds via the successive insertion of
monomers into a cyclic initiator to expand the ring, has also been
explored.24,25 In contrast with the aforementioned end-to-end
cyclization of a linear prepolymer, ring-expansion polymerization
does not require dilute conditions. Grubbs and co-workers24,26,27

invented cyclic catalysts with a ruthenium–alkylidene bond that can
polymerize cyclic olefins, such as 1,5-cyclooctadiene and cyclooctene,
using the ring-expansion technique. In the end, back-biting eliminates
the initial catalyst complex and forms cyclic polybutadiene and
poly(cyclooctene). The obtained cyclic poly(cyclooctene) was hydro-
genated to give cyclic polyethylene, which exhibits topology effects
distinctive from the commercial linear polyethylene.26 Recently,
Waymouth and co-workers25,28 used an N-heterocyclic carbene
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compound as an initiator for ring-expansion polymerization of
lactides to form cyclic polylactides with a narrow polydispersity
index. In these studies, control of the molecular weight of cyclic
polymers was achieved for the first time.

Electrostatic self-assembly and covalent fixation process
We have developed a process called electrostatic self-assembly and
covalent fixation (ESA-CF), which utilizes a linear or star telechelic
prepolymer with cyclic ammonium end groups and a multicarbox-
ylate counterion.29–32 The prescribed combination of a telechelics and
a counteranion forms a predesigned architecture via electrostatic self-
assembly. In this process, a kinetic agglomerate at a high
concentration restructures to yield a thermodynamically favored
ionic complex with the smallest possible number of components in
a dilute solution by keeping the charge balance (Scheme 1). Subse-
quently, the ionic complex solution is refluxed, leading to the selective
ring opening of the cyclic ammonium end groups, which covalently
link the predesigned construction (covalent fixation).

This method has been used for the construction of cyclic
polymers using a wide variety of telechelics, including poly(THF)
(poly(tetrahydrofuran)),30 poly(ethylene oxide),33 polystyrene34 and
poly(dimethylsiloxane),35 which were prepared by living polymeriza-
tion and by subsequent end-capping with cyclic amines. Through
the use of a functionalized telechelics and/or a counterion, a variety
of monocyclic polymers with prescribed functional groups at
designated positions have been prepared.36 These functionalized
macrocyclic prepolymers (kyklo-telechelics) have been utilized to
construct multicyclic polymeric topologies with higher complexities.37

Bridged tricyclic and tetracyclic topologies
A series of monocyclic poly(THF) kyklo-telechelics with an ethynyl
group (1a), with two ethynyl groups at opposite positions (1b), with
an azido group (1c), and with ethynyl and azido groups at opposite
positions (1e) were prepared using the ESA-CF process (Scheme 2).
Unfunctionalized and ethynyl-functionalized N-phenylpyrrolidinium-
terminated poly(THF) prepolymers complexed with ethynyl- and
azido-functionalized dicarboxylate counteranions were used.38

Furthermore, a bicyclic 8-shaped prepolymer with two ethynyl
groups at opposite positions (1d) was also synthesized (Scheme 2).
These prepolymers were fully characterized by 1H-nuclear magnetic
resonance (NMR), matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF MS) and size exclusion
chromatography (SEC).

The monocyclic prepolymer with an ethynyl group (1a, 2.4–
2.5 kDa) was subjected to click chemistry using an azido-

functionalized linear telechelic precursor (2a, 2.1 kDa) and using a
three-armed star (2b, 4.6 kDa) telechelic precursor to produce
selectively bridged bicyclic (3a, 6.7 kDa) and tricyclic (3b, 11.1 kDa)
paddle-shaped polymers, respectively (Scheme 3).38 The formation of
these products was evaluated with SEC, which showed a noticeable
peak shift to a higher molecular weight. The yields of 3a and 3b
were determined to be 48% and 57%, respectively, based on their
weights and on the SEC peak area ratios of the crude products.
Subsequent isolation was achieved by preparative SEC fractionation.
Furthermore, the degrees of volume shrinkage in 3a and 3b were
calculated based on the ratios of the SEC peak molecular weights to
the number-average molecular weights determined using 1H-NMR
(Mp(SEC)/Mn(NMR)). The ratio was 0.68 for both 3a and 3b, which
was comparable to the ratios previously reported for various
multicyclic topologies, such as for the 8-shaped (0.69–0.80),30,39
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Scheme 1 Schematic illustration for the electrostatic self-assembly and covalent fixation (ESA-CF) process.

Scheme 2 Preparation of functionalized cyclic prepolymers (kyklo-

telechelics) using the electrostatic self-assembly and covalent fixation (ESA-

CF) process. A full color version of this figure is available at Polymer

Journal online.
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trefoil-shaped (0.65),30 y-shaped (0.63)30,40 and d-graph (0.61)39

polymers. The selective reaction between the ethynyl and the azido
groups was confirmed by comparing the 1H-NMR spectra of the
prepolymers with those of the products. The infrared absorbance
from the azido group in the prepolymers disappeared, which
indicated the completion of the reaction. The MALDI-TOF MS
spectra of the products exhibited a uniform series of peaks with an
interval of 72 mass units, which correspond to the repeating THF
units. Each peak matched the total molar mass of the prepolymers
exactly. Furthermore, the sum of twice the molar mass of 1a and the
molar mass of 2a equaled the molar mass of 3a. Consistent results
were also observed for 3b. These results confirmed the formation of
bridged multicyclic 3a and 3b.

Spiro tricyclic and tetracyclic topologies
Likewise, a monocyclic prepolymer with two ethynyl groups at
opposite positions (1b) and a bicyclic 8-shaped analog (1d) were
cross-coupled to a monocyclic precursor with an azido group (1c) to
produce selectively spiro tricyclic (3e) and tetracyclic (3f) polymers,
respectively (Scheme 4).38 The Mp(SEC) value for 3e (7.4 kDa) was
almost equal to the sum of the Mp(SEC) values of the precursors: the
sum of two units of 1c and one unit of 1b (2� 2.1þ 3.1¼ 7.3 kDa).
In contrast, the Mp(SEC) value of tetracyclic 3f (9.2 kDa) was slightly
smaller than the total Mp(SEC) values of the prepolymers: the sum of
two units of 1c and one unit of 1d (2� 2.4þ 5.9¼ 10.7 kDa). The
yields of 3e and 3f were calculated to be 76% and 71%, respectively,
based on their weights and on the SEC peak area ratios of the crude
products. Subsequently, the isolation of 3e and 3f was achieved via
SEC fractionation. The Mp(SEC)/Mn(NMR) values of the isolated 3e
and 3f products were determined to be 0.67 and 0.66, respectively,
which were consistent with the values of 3a (0.68) and 3b (0.68).
These data suggest that an increase in the number of ring units in

bridged and spiro multicyclic polymers causes a comparative shrinkage
in their volumes. By comparing the 1H-NMR spectra of the products
with those of the prepolymers, the selective reaction between the
ethynyl and the azido groups was confirmed, as observed in the
characterization of the bridged polymers. The MALDI-TOF MS
spectra of 3e and 3f also showed a uniform series of peaks with
an interval of 72 mass units, which correspond to the repeating
THF units, and each peak matched the total molar mass of the
complementary precursors exactly. These results confirmed the
successful construction of spiro 3e and 3f.

Repeating cyclic, alternating cyclic/linear and alternating cyclic/star
topologies
Click chemistry was applied to the polyaddition of a monocyclic
prepolymer with ethynyl and azido groups at opposite positions (1e)
to produce a tandem spiro-type multicyclic polymer (3g)
(Scheme 4).38 Moreover, co-polyaddition of a monocyclic precursor
possessing two ethynyl groups (1b) with linear (2a) and with three-
armed star-shaped (2b) azido precursors produced multicyclic
polymers with alternating cyclic/linear (3c) and with alternating
cyclic/star (3d) structures, respectively (Scheme 3). Initially, the
reaction conditions used to produce 3a, 3b, 3e and 3f (THF/water,
CuSO4 and sodium ascorbate) were applied, but these conditions
resulted in gelation. The modified reaction conditions (THF, CuBr
and 2,20-bipyridine) prevented the gelation of 3c and 3g, but the
reaction used to produce 3d still yielded an insoluble fraction under
these conditions. The indiscrete multicyclic polymeric products of 3g,
3c and 3d were obtained with 82%, 67% and 72% yields, respectively.
The progress of the reactions was monitored using the emergence of a
triazole signal, which replaced the ethynyl and azido signals in the 1H-
NMR spectra. The infrared absorbance from the azido groups
observed in the prepolymers decreased but was still visible in the

Scheme 3 Synthesis of bridged multicyclic polymers by click chemistry. A full color version of this figure is available at Polymer Journal online.
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spectra of the products, suggesting that a small portion remained
unreacted. The unreacted portion was expected to be the end groups
of the polymers. SEC analysis showed notable peak shifts to a higher
molecular weight with multimodal distributions. The Mp(SEC) value
of 3g went as high as 10.5 kDa, indicating the formation of a
hexacyclic structure on average. Similarly, the highest Mp(SEC) value

observed for 3c was 12.8 kDa, which was apparently due to multicyclic
polymers that were composed of four rings connected with three
chains. The Mp(SEC) value of the soluble fraction of 3d was
determined to be 20.1 kDa, which corresponds to the combination
of four units of 1b and three units of 2b. In addition, the SEC traces
indicated that concurrent intramolecular reactions occurred. Thus, an

Scheme 4 Synthesis of spiro multicyclic polymers by click chemistry. A full color version of this figure is available at Polymer Journal online.

N3 N3

ESA-CF

1f

1g

ESA-CF

click metathesis

3h

3i

4a

4b

click metathesis

2a

1b

Scheme 5 Synthesis of doubly fused tricyclic and triply fused tetracyclic polymers using the electrostatic self-assembly and covalent fixation (ESA-CF)
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8-shaped product was produced from the unimolecular reaction of 1e,
and a y-shaped polymer was produced from the bimolecular reaction
of 1b and 2a.

Doubly fused tricyclic and triply fused tetracyclic topologies
Doubly fused tricyclic and triply fused tetracyclic polymers were
synthesized using a combination of the ESA-CF process, click
chemistry and olefin metathesis (Scheme 5).41 Monocyclic
prepolymers with ethynyl and ethenyl functionalities (1f) and with
azido and ethenyl functionalities (1g) at opposite positions in the
cyclic unit were prepared using the ESA-CF process. Subsequently,
click chemistry was carried out to combine cyclic 1f with linear 2a
and cyclic 1g with cyclic 1b to produce bridged dicyclic 3h and
tandem spiro tricyclic 3i, respectively, which have two ethenyl groups
at opposite positions in the cyclic units. These products were isolated
by preparative SEC with 63% and 64% yields, respectively. The
Mp(SEC)/Mn(NMR) ratios were 0.82 and 0.63, in agreement with the
reported values for the aforementioned polymers.38 The 1H-NMR
spectra showed that the signals for the ethynyl and azidomethy-
lene protons were replaced by the triazole proton signal, indicating
the completion of the click reaction, and the Mn(NMR) values were
determined to be 10 and 11 kDa for 3h and 3i, respectively. In the
MALDI-TOF mass spectra, a uniform series of peaks with an interval
of 72 mass units, which correspond to the repeating THF units, was
observed, and each peak matched the molar mass that was calculated
from the chemical structure of the investigated product.

The subsequent intramolecular olefin metathesis of 3h and 3i was
performed with the repeated addition of the first-generation Grubbs
catalyst in dilution (0.2 g l�1). The final products, 4a and 4b, were
isolated by column chromatography on silica gel and/or by pre-
parative SEC fractionation with 28% and 55% yields, respectively.
The comparison of the 1H-NMR spectra of isolated 4a and 4b with
the spectra of their respective precursors showed that the signals for
the terminal olefin units were replaced by those for the inner olefinic
units. This change in the spectra indicates that the metathesis went to
completion. MALDI-TOF MS also confirmed the construction of the
intended structures. Because 4a and 4b were produced from 3h and

3i, respectively, with the elimination of an ethylene molecule, the
molecular weights differed by 28 mass units. The degrees of volume
shrinkage of fused tricyclic 4a relative to bridged dicyclic 3h and of
fused tetracyclic 4b relative to spiro tricyclic 3i were determined from
the Mp(SEC)/Mn(NMR) ratios. These calculations revealed a notice-
able reduction from 0.82 to 0.60 for 4a and from 0.63 to 0.52 for 4b.
Therefore, the polymer folding resulted in unusually compact
conformations.

TOPOLOGY EFFECTS

Topology effects, which are the differences in physical and chemical
properties arising from the shape of a polymer, have been extensively
studied in monocyclic homopolymers that are in solution and in the
solid state.1–3,8,16 Functionalized cyclic polymers with high purity
offer new opportunities in synthetic polymer chemistry and in the
design of polymeric materials based on topology. Our recent
collaborative studies on topology effects focused on the diffusion of
a cyclic polymer, which was investigated using single-molecule
fluorescence spectroscopy,42 and focused on the self-assembly of a
cyclic block copolymer to form a thermally stable micelle.17

Single-molecule fluorescence spectroscopic study of the diffusion of
a cyclic polymer
The reptation mechanism accounts for the diffusion dynamics of
linear and branched polymers, where the chain ends of the polymer
molecules play a critical role.43–45 In contrast, cyclic polymers are
characterized by the absence of chain ends, and, therefore, non-
reptation dynamics can be expected.

Using single-molecule fluorescence spectroscopy to monitor cyclic
and linear polymers with a perylene chromophore unit, we success-
fully determined that the cyclic polymer undergoes a multiple-mode
diffusion process that differs from the single-mode process of its
linear counterpart (Figure 1).42 Linear telechelic poly(THF) with
N-phenylpiperidinium (six-membered ring)46 end groups and a
perylene–dicarboxylate counteranion were prepared, and a cyclic
polymer with a perylene unit was subsequently formed from the
elimination of N-phenylpiperidine during the ESA-CF process
(Mn¼ 3800, Mw/Mn¼ 1.19). A linear counterpart was also synthesized
analogously (Mn¼ 4200, Mw/Mn¼ 1.12). A related cyclic polymer was
obtained using an alternative telechelics with N-phenylpyrrolidinium
(five-membered ring) end groups. However, this product could not
be analyzed using single-molecule fluorescence spectroscopy because
the fluorescence was quenched by the N-phenylamine group formed
from the ring-opening reaction of N-phenylpyrrolidinium.

Single-molecule imaging experiments, where the perylene-labeled
cyclic and the perylene-labeled linear poly(THF) was mixed in a matrix
of non-labeled linear poly(THF) (103 g l�1, Mn¼ 3000), were carried
out to reveal the motions of the single polymer molecules over time.
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Multimode diffusion was observed for a synthetic cyclic polymer for the
first time; this diffusion pattern corresponded to the presence and the
absence of a linear matrix polymer threading into the cyclic structure.

Self-assembly of a cyclic block copolymer to form a thermally
stable micelle
In 2010, we demonstrated a significant topology effect upon self-
assembly of a cyclic amphiphilic block copolymer (poly(n-butyl
acrylate)-b-poly(ethylene oxide), Mn¼ 1600–2600 or 1400–2800) to
exhibit the enhanced thermal stability of the micelle in comparison
with the stability of one from a linear counterpart (poly(n-butyl
acrylate)-b-poly(ethylene oxide)-b-poly(n-butyl acrylate), Mn¼ 800–
2600–800 or 700–2800–700).17 This study was influenced by the cyclic
structure of the cell membrane lipids of thermophilic archaea, which
are single-cell microorganisms that inhabit high-temperature
environments.47–50 The cyclic amphiphilic block copolymers were
synthesized by the intramolecular olefin metathesis of the respective
linear ABA-type prepolymers, which were prepared by atom transfer
radical polymerization using a poly(ethylene oxide) macroinitiator
(Scheme 6).51 The obtained cyclic amphiphilic block copolymer and
the linear ethenyl-telechelic prepolymer were self-assembled to
produce micelles (Figures 2a and b). The critical micelle concentra-
tions (linear: 0.13 mg ml–1; cyclic: 0.14 mg ml–1) and the number-
average hydrodynamic volumes (linear: Dh¼ 20 nm; cyclic: Dh¼ 20
nm) were essentially indistinguishable. AFM and transmission
electron microscopy revealed that the size and the spherical morphol-
ogy of the micelles were consistent with the diameters determined by
dynamic light scattering.

Interestingly, the thermostability of the micelle was drastically
increased by the linear-to-cyclic topological conversion of the amphi-
philic copolymer. The micellar solution produced using the linear
block copolymer became turbid at approximately 25 1C when heated
from 20 1C (Figure 2c), whereas the cyclic counterpart was transparent
until the temperature reached over 70 1C (Figure 2d).17 Furthermore,
tuning of the cloud point was achieved by coassembly of the linear and
cyclic copolymers and by changing the mixing ratio (Figure 2e). This
ability to tune the cloud point of the mixtures was the result of
the large difference in the thermal stabilities of the two micelles.
It is expected that this remarkable topology effect will be applicable to
the design of heat-responsive molecular devices to enclathrate and
release guest molecules. Such topology-based polymeric materials
could be suitable for biological applications, such as drug delivery; in

this context, changes in the chemical structure and in the molecular
weight often have considerable effects on toxicity and biocompatibility.

Amphiphilic block copolymers composed of hydrophobic poly-
styrene segments are versatile and are widely used in academics and in
industry. The self-assembly of linear polystyrene-b-poly(ethylene
oxide) has been extensively studied to explore the formation of
micelles, vesicles and more complex entities.52,53 Thus, the study of
cyclic amphiphilic copolymers that contain a polystyrene segment
could reveal general topology effects on self-assembly. We prepared
cyclic polystyrene-b-poly(ethylene oxide) using a similar procedure.54

Polystyrene segments were grown from a poly(ethylene oxide)
macroinitiator by atom transfer radical polymerization, and the
subsequent allylation of the Br termini was carried out using
allyltrimethylsilane and TiCl4 (Scheme 6). Finally, intramolecular
olefin metathesis was carried out in the presence of the second-
generation Grubbs catalyst to produce cyclic amphiphilic polystyrene-
b-poly(ethylene oxide).

CONCLUSIONS

Through intensive research efforts, a variety of cyclic polymers with
unique topologies have been constructed and fully characterized. The
present achievements in the syntheses could contribute to advances in
polymer science as well as in supramolecular chemistry. Future studies
on self-assembled topological polymers will likely be pursued in the
context of functional molecular systems. For example, the synthesis of
complex multicyclic polymers could lead to the discovery of enhanced
topology effects on diffusion and on the thermal properties. Further-
more, polymeric material designs, which are currently limited to
linear and branched topologies, could be renovated by the controlled
synthesis of cyclic and multicyclic polymers.
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