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a b s t r a c t 

Cyclic polymers present a topology that differ significantly from their linear counterparts due to their 

circular structure and therefore, the lack of chain ends. These simple characteristics are responsible for 

important unique properties (e.g. lower intrinsic and melt viscosity, lower hydrodynamic volumes, slower 

degradation profiles, increased blood circulation times and more selective bioaccumulation) thanks to 

which the cyclic polymers are today a vanguard in macromolecular chemistry. However, the preparation 

of cyclic polymers with high topological purity and in large quantities is challenging, therefore demand- 

ing the continuous development of synthetic methods. Advances in organic chemistry and the develop- 

ment of new catalytic systems has allowed the field of cyclic polymers to expand enormously in recent 

decades. In this review, ring closure and ring expansion polymerization strategies are described along the 

milestones that have characterized the evolution of cyclic (bio)polymer chemistry over the years. We also 

focus on very recent advances and state-of-the-art techniques for the synthesis and purification of cyclic 

polymers and provide an overview of properties and applications of cyclic polymers in different fields. 

© 2022 Elsevier B.V. All rights reserved. 
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Abbreviations: DBA, sym -dibenzo-1,5-cyclooctadiene-3,7-diyne; DBN, 1,5- 

iazabicyclo[4.3.0]non-5-ene; DBU, 1,8-diazabicyclo[5.4.0]undec-7-ene; DMAP, 

,N- dimethylaminopyridine; DMPO, 1,3-dimethyl-3-phospholene oxide; EDC, 

- (3-dimethylaminopropyl)- N ′ - ethylcarbodiimide; GO, graphite oxide; IMes, 

,3-dimesitylimidazol-2-ylidene; Me 6 TREN, tris[2-(dimethylamino)ethyl]amine; 

eClPyI, 1-methyl-2-chloropyridinium iodide; MTBD, 7-methyl-1,5,7- 

riazabicyclo[4.4.0]dec-5-ene; NCA, N- substituted N- carboxylanhydrides; NHC, 

- heterocyclic carbene; PMDETA, pentamethyldiethylenetriamine; PMP, 1,2,2,6,6- 

entamethylpiperidine; TBD, 1,5,7-triazabicyclo[4.4.0]dec-5-ene; TSOH, p- 

oluenesulfonic acid; P2VP, poly(2-vinylpyridine); PBL, poly( β- butyrolactone); 

BnGE, poly(benzyl glycidyl ether); PBO, poly(1,2-butylene oxide); PCEVE, 

oly(2-chloroethyl vinyl ether); PCL, polycaprolactone; PDMA, poly( N,N- 

imethylacrylamide); PEG, poly(ethylene glycol); PEO, poly(ethylene oxide); 

EOx, poly(2-ethyl-2-oxazoline); PnPropOx, poly(2- n -propyl-2-oxazoline); Pn- 

ropOzi, poly(2- n -propyl-2-oxazine); PGPE, poly(glycidyl phenyl ether); PLA, 

olylactide; PMA, poly(methyl acrylate); PMMA, poly(methyl methacrylate); PNI- 

AM, poly( N- isopropylacrylamide); PS, polystyrene; PtBA, poly(tert-butyl acrylate); 

THF, poly(tetrahydrofuran); PVBCZ, poly(4-vinylbenzyl-carbazole); PVL, poly( δ- 

alerolactone); PVO, poly( N- vinylpyrrolidone); RC, ring closure; REP, ring expansion 

olymerization; AREP, anionic ring expansion polymerization; CREP, cationic 

ing expansion polymerization; eZREP, electrophilic zwitterionic ring expansion 

olymerization; LP-ZREP, Lewis pair-mediated zwitterionic ring expansion polymer- 

zation; nZREP, nucleophilic zwitterionic ring expansion polymerization; REMP, ring 

xpansion metathesis polymerization; RREP, radical ring expansion polymerization; 

REP, zwitterionic ring expansion polymerization; ATRC, atom transfer radical cou- 

ling; ATRP, atom transfer radical polymerization; CuAAC, copper-catalyzed azide 

lkyne cycloaddition; DSPAAC, double-strain-promoted azide-alkyne click reaction; 

SA-CF, self-assembly and covalent fixation; FLP, frustrated Lewis pairs; RAFT, 
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. Introduction 

The synthesis of well-defined macromolecular architectures has 

een the focus of much research in polymer chemistry. Both the 

hysical and chemical properties of a material depend on its 

olecular characteristics, such as molecular weight, polydispersity, 

unctional groups and macromolecular architecture. The develop- 

ent of synthetic routes that allow the control of molecular char- 

cteristics has led to the preparation of increasingly complex ma- 

erials including polymeric brushes and stars, dendrimers, hyper- 

ranched structures, networks and cyclic polymers. Extensive stud- 

es have been conducted to link physical properties (e.g. glass tran- 

ition temperature, melt and crystallization temperatures, intrinsic 
eversible addition-fragmentation chain transfer; ROCOP, ring-opening copolymer- 

zation; ROP, ring-opening polymerization; SPAAC, strain promoted azide-alkyne 

ycloaddition; SuFEx, sulfur(VI)-fluoride exchange; DNA, deoxyribonucleic acid; 

NA, ribonucleic acid; BDS, broadband dielectric spectroscopy; DSC, differential 

canning calorimetry; FTIR, Fourier transform infrared spectroscopy; GPC, gel per- 

eation chromatography; HPLC, high-performance liquid chromatography; LCCC, 

iquid chromatography at the critical conditions; MALDI-ToF MS, matrix-assisted 

aser desorption/ionization time-of-flight mass spectrometry; NMR, nuclear mag- 

etic resonance; SEC, size exclusion chromatography; STM, scanning tunneling 

icroscopy. 
∗ Corresponding author. 

E-mail address: fbarroso@dipc.org (F. Barroso-Bujans) . 
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Fig. 1. Schematic representation of RC strategies. 

Fig. 2. Competition between diffusion and coupling in unimolecular RC. 
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P

nd melt viscosities, thermo-responsiveness and rheological prop- 

rties) and chemical properties (e.g. reactivity, chemical stability 

nd solubility) to the covalent structure of a material. 

The end groups of a polymer have a great influence on many 

f the aforementioned properties. Therefore, the absence of end 

roups makes the cyclic polymers unique. And not only that, the 

bsence of end groups makes a cyclic polymer to have lower con- 

ormational degree of freedom and more compact coil conforma- 

ion compared to their linear analogs. They are characterized by 

any unique physical properties such as reduced melt viscos- 

ty, reduced entanglement, increased T g at medium-low molecular 

ass, and lower hydrodynamic volume [ 1 , 2 ]. A significant effort 

as been made to demonstrate their usefulness in medicine, nan- 

technology and material science. In particular, the use of cyclic 

olymers in surface coating [ 3 , 4 ], crosslinked networks [5] , and as

latforms for drug and gene delivery [6] has been addressed. The 

ifficulty in producing a large quantity of pure cyclic polymers has 

ade these materials of little interest to industry, for the time be- 

ng. However, great efforts are being made to improve synthetic 

echniques towards the production of high-purity cyclic polymers, 

s well as towards the implementation of new purification tech- 

iques [ 7 , 8 ]. 

Cyclic polymers have been prepared by different synthetic 

trategies. Ring-chain equilibration was the first reported method 

o synthesize cyclic polymers [9] . The formation of cyclic 

oly(decamethylene adipate) [10] in the polycondensation reaction 

f adipic acid with decamethylene glycol was used to validate pre- 

ious theory developed by same authors, Jacobson and Stockmayer 

11] . They included the formation of rings in the theories of dis- 

ribution of molecular species in polycondensates and postulated 

hat the fraction of rings increases with dilution and molecular 

eight [11] . The formation of cyclic oligo and poly(dimethyl silox- 

ne) was also studied within the concepts of ring-chain equilibra- 

ion [ 12 , 13 ]. Through the years, many excellent reviews and books 

ave been published describing progress in the area of ring-chain 

quilibration [ 9 , 14 –17 ], including some controversy around the Ja- 

obson and Stockmayer theory [18] and new concepts [19] . 

The ring closure (RC) and ring expansion polymerization (REP) 

echniques are nowadays more attractive than the ring-chain equi- 

ibration for the synthesis of well-defined macrocyclic structures 

ue to their versatility and purity of the obtained products. The 

C strategy relies on intramolecular coupling of the end-groups of 

 previously synthesized linear precursor. The use of predesigned 

inear polymers as precursors for the preparation of cyclic poly- 

ers allows high control over the molecular characteristics of the 

btained rings. REP allows the synthesis of “specific” cyclic poly- 

ers via the formation of an initial ring that expands upon the 

ncorporation of monomer units through a weak labile bond (e.g. 

rganometallic or electrostatic). At the end of the reaction, the cat- 

lyst is either retained or expelled from the macrocycle. We say 

specific” because only the right combination of monomer and cat- 

lyst would produce the desired cyclic structure. Excellent reviews 

 7 , 20 –30 ] and books [ 2 , 31 –34 ] describe the most important aspects

f both RC and REP methods, with special emphasis on catalytic 

nd chemical processes, physical and chemical properties, and po- 

ential applications of cyclic polymers. However, the rise of cyclic 

olymers in the polymer community and the increasing literature 

n this area demand for constant updates. Therefore, we consid- 

red important to make an overview of the most recent advances 

n the design and synthesis of cyclic polymers by compiling already 

nown concepts of RC and REP and recent synthesis examples. 

. Ring closure (RC) strategy 

According to Laurent and Grayson [21] , the RC can be divided 

nto three different approaches: unimolecular homodifunctional 
2 
oupling, unimolecular heterodifunctional coupling and bimolecu- 

ar homodifunctional coupling ( Fig. 1 ). 

.1. Ring closure by unimolecular approach 

The unimolecular strategy has the advantage of linking com- 

lementary end groups present in the same polymer chain. Stoi- 

hiometry between two reactants is not necessary, as it occurs in 

he bimolecular approach, eliminating a large source of impurities. 

efore the coupling reaction, the two reactive ends must diffuse 

ithin a capture volume. This step is characterized by a constant 

ate of diffusion, k d ( Fig. 2 ). Then, the coupling reaction can occur 

o form the cyclic chain. This is characterized by a constant rate 

f cyclization, k c . If the coupling reaction does not occur, the chain 

nds diffuse away from each other with a constant rate k -d . In the

ase of k c >> k -d the ring closure reaction will be under diffu- 

ion control. In the inverse case, k c << k -d , the ring closure will

e driven by its equilibrium kinetics. 

The cyclization of a linear precursor via unimolecular RC is typ- 

cally performed under high dilution and on small scales to avoid 

ntermolecular coupling. Already in 1912, Paul Ruggli [35] , and in 

933, Karl Ziegler [36] , demonstrated that high dilution favored 

he intramolecular coupling of small organic molecules. The en- 

ropic penalty, associated to the localization of the two chain ends 

nto a space small enough to promote intramolecular coupling, al- 

ows the cyclization of relatively low molecular weight chains ( < 

5 kg/mol) [ 11 , 32 ]. The probability of cyclization, can be described

y the well-known Jacobson-Stockmayer equations [11] . 

 c = 

(
3 

2 π

)3 / 2 v s 
2 3 / 2 

(Eq.1) 

< r > 
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Fig. 3. Synthesis of a) cyclic PTHF [39] and b) cyclic poly(methyl acrylate) [40] by 

ring-closure metathesis. 
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Fig. 4. Cyclization of polystyrene via the formation of disulfide bridges [44] . 

Fig. 5. Isocyanate coupling for the synthesis of cyclic poly(propylene oxide) [47] . 
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2 N A c 

M 

v s (Eq.2) 

P c is the probability of reaction when two ends of the same 

hain are within the capture volume, v s ; P l is the probability of 

eaction when two ends from two different chains are within the 

apture volume; <r 2 > is the mean square of the end-to-end dis- 

ance of a chain; N is the total number of molecules in a total vol-

me V; N A is the Avogadro number; M is the molecular weight of 

he polymer and c is the polymer concentration in g/mL. 

The ratio P c /P l is defined as follows: 

P c 

P l 
= 

(
3 

2 π < r 2 > 

)3 / 2 20 0 0 

N A [ P ] 
(Eq.3) 

[P] is the polymer concentration in mol/L. 

The theoretical percentage of monocyclic chains can be calcu- 

ated as follows: 

 cyclic = 

P c 

P c + P l 
× 100 (Eq.4) 

From this set of equations, it is clear that a decrease in the con- 

entration of the linear precursor [P] increases P c /P l , and therefore 

he probability of cyclization. Since the intramolecular coupling is a 

nimolecular process, it is not influenced by the dilution. Contrar- 

ly, the intermolecular coupling, which is a bimolecular process, is 

argely reduced upon dilution. Experimentally, it is possible to ob- 

ain a high percentage of cyclic chains by adding the previously 

ynthesized linear precursor into a catalyst solution at a slow rate. 

n that way, the concentration of linear precursor is maintained 

s low as possible (pseudo-high-diluted conditions) and the active 

nd-groups are consumed during intramolecular coupling [ 37 , 38 ]. 

he second important prediction of the Jacobson-Stockmayer the- 

ry is the decreasing probability of intramolecular coupling with 

he chain length. Indeed, the probability that the two ends of 

he same chain are within the capture volume decreases with the 

hain length. This is the reason why high molecular cyclic poly- 

ers cannot be achieved by RC. Despite this, RC remains the most 

ersatile option for the generation of ring polymers. 

.1.1. Homodifunctional unimolecular ring closure 

The homodifunctional unimolecular approach is motivated by 

he need to cyclize polymer chains that contain identical functional 

roups at both ends. Although the number of homocoupling reac- 

ions is limited in organic chemistry, successful cyclization reac- 

ions demonstrate the advantages of this technique. 

In 2002, Tezuka et al. [39] demonstrated that the cyclization 

f a diallyl-terminated PTHF was possible via the metathesis con- 

ensation under high dilution using a Grubb’s Ru-based cata- 

yst ( Fig. 3 a). Concentration below 0.2 g/L was required to mini- 

ize intermolecular coupling. This ring closure methatesis (RCM) 

ethod was then extended and adapted to the synthesis of cyclic 
3 
oly(methyl acrylate) ( Fig. 3 b) [40] , cyclic polystyrene [41] , cyclic 

oly( ε- caprolactone) [42] , and cyclic poly(phosphoesters) [43] . 

Disulfide bridges were first proposed by Monteiro et al. [44] in 

006 for the ring closure of polystyrene chains ( Fig. 4 ). Polystyrene 

as generated by reversible addition-fragmentation chain trans- 

er (RAFT) polymerization using a difunctional agent leading to 

ithioester terminated chains. By aminolysis followed by oxida- 

ion with FeCl 3 in diluted conditions, cyclic chains were generated. 

y reduction with zinc and acetic acid, the linear precursor is re- 

overed. More recently the disulfide bridge strategy was used to 

he generation of cyclic (di-) triblock (co-) terpolymers containing 

tyrene and acrylate monomers [45] and to the formation of cyclic 

oly(2-ethyl-2-oxazoline) [46] . 

The intramolecular reaction of diisocyanate-terminated 

oly(propylene oxide) was implemented by Dai et al. [47] in 

007 as a way to generate cyclic chains via the formation of a 

arbodiimide bond ( Fig. 5 ). The cyclization reaction was carried at 

igh dilution in the presence of 1,3-dimethyl-3-phospholene oxide 

DMPO) under heating. 

One of the earliest examples of oxidative homocoupling is the 

eaction between two alkynes to form a diyne bound, also known 

s Glaser coupling [48] . In 1869, Glaser reported the formation of 

iphenyldiacetylene when mixing phenylacetylene, copper (I) chlo- 

ide and ammonium hydroxide in ethanol in air. Years later, Hay 

roposed a key modification by adding a nitrogen ligand such as 

,N,N 

′ ,N 

′ -tetramethyl ethylene diamine, allowing the reaction to 

ccur under mild conditions [49] . It is now known that Glaser- 

ay coupling is catalyzed by metal salts, copper (I) and copper (II), 

hrough a complex mechanism [ 50 , 51 ]. 

Cyclic poly(ethylene oxide) and cyclic polystyrene were syn- 

hesized from alkyne-terminated linear precursors via Glaser 

oupling in 2010 ( Fig. 6 a-b) [52] . A solution of the linear polymer

issolved in pyridine was slowly added to a Cu(I)Br / N,N,N’,N’’,N’’’- 

entamethyldiethylenetriamine (PMDETA) catalyst solution to 

enerate cyclic polymers in high yields > 95 %. The reaction 

roceeded under air and at room temperature, demonstrating 

hat the Glaser coupling was suitable for cyclization. In a more 

ecent study the generation of cyclic poly(ethylene oxide) was 

ptimized by using a microreactor [53] . The disappearance of 

lkyne groups and the formation of the diyne bound was con- 

rmed by 1 H NMR and FTIR [52] . Additionally, the loss of two 

rotons was confirmed by MALDI-ToF MS and the reduction of the 

ydrodynamic volume of the polymer chains was demonstrated by 

 clear shift toward higher retention times in SEC measurements. 

n our group, Glaser coupling technique was undertaken to cyclize 

wo-arms poly(glycidyl phenyl ether) (PGPE) ( Fig. 6 c) synthe- 

ized by initiation with 1- tert -butyl-4,4,4-tris(dimethylamino)- 
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Fig. 6. Synthesis of cyclic polymers via Glaser coupling: a) poly(ethylene oxide) 

[52] , b) poly(styrene) [52] , c) poly(glycidyl phenyl ether) [54] and d) poly(3- 

hexylthiophene) [55] . 
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Fig. 7. Synthesis of cyclic polystyrene via a) ATRC [56] and b) radical trap-assisted 

ATRC [57] . 

Fig. 8. Synthesis of cyclic poly(3-hexylthiophene) via McMurry coupling reaction of 

terminal aldehydes [60] . 
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,2-bis[tris(dimethylamino)-phosphoranylidenamino]-2 λ5 ,4 λ5 - 

atenadi(phosphazene) ( t- BuP 4 ) and water [54] . In this case, pyri- 

ine was substituted by dichloromethane due to its lower toxicity 

nd lower boiling point. Then, 1,8-diazabicyclo[5.4.0]undec-7-ene 

DBU) was added to increase the reaction rate and reduce in- 

ermolecular coupling. We observed that the reaction conditions 

ere critical to generate pure cycles and that purification by 

ractionation using a preparative GPC was needed in the majority 

f samples. Conjugated polymers such as poly(3-hexylthiophene) 

nd poly(3-heptylselenophene) were also synthesized via Glaser 

oupling ( Fig. 6 d) [55] . The authors implemented a convenient 

urification method based on the reaction of unreacted linear 

hains to an alkyne-terminated poly(ethylene glycol) followed by 

eparation in a chromatographic column. This strategy allowed the 

bservation of the highly bended structures of pure cyclic chains 

y high-resolution scanning tunneling microscopy (STM). 

The intramolecular coupling of radicals was first reported 

y Tillman et al. [56] in 2010 for the preparation of cyclic 

olystyrene. The reaction consisted in the formation of a dibromi- 

ated polystyrene and then the activation of the chain ends by 

etal-catalyzed, homolytic C-Br cleavage forming carbon-based 

adicals ( Fig. 7 ). A highly active tris[2-(dimethylamino)ethyl]amine 

Me 6 TREN) ligand was used as activator. As a result, the in- 

ramolecular reaction via atom transfer radical coupling (ATRC) fa- 

ored the formation of cyclic products in diluted conditions. Later, 

-methyl-2-nitrosopropane was incorporated during the activation 

f the C-Br bond in the presence of a milder PMDETA activator 

esulting in the formation of cyclic products via a radical trap- 

ssisted ATRC [57] . ATRC method was applied for the generation of 

ore complex bicyclic polystyrene containing a cleavable disulfide 

ond [58] . This labile bond allowed the formation of monocycles 

f different size upon disulfide cleavage. 

In 2011, Schappacher and Deffieux generated cyclic polystyrene 

ith a cyclization efficiency of 91 % by means of the coupling 
4 
f iron(III) porphyrin moieties into a bis[iron(III) μ-oxoporphyrin] 

imer [59] . This is a selective and rapid reaction that occurs in 

asic conditions. In acidic conditions, the closing unit opens to 

eversibly form iron(III) meso-tetraphenylporphyrin chloride end 

roups. 

In 2017, Coulembier et al. [60] generated cyclic polythiophenes 

f molecular weights in the range of 4 to 10 kg/mol via an in- 

ramolecular McMurry coupling reaction ( Fig. 8 ). The reaction oc- 

urs by coupling of two terminal aldehydes catalyzed by TiCl 4 and 

inc, as a reduction agent. 

In 2015, Jing et al. [61] utilized light to promote the intramolec- 

lar cycloaddition of naphthalene (or anthracene) end groups 

f poly(ethylene oxide) (PEO) chains assisted by cucurbit[8]uril 

CB[8]) ( Fig. 9 ). The addition of CB[8] was necessary to bring to- 

ether the polycyclic aromatic hydrocarbon s and stabilize them 

y π–π stacking. Then, upon UV-light irradiation covalent bonds 

etween both end groups were formed leading to the formation 

f the cyclic PEO structures. Same year, Kim et al. [62] reported 

n the formation of cyclic poly( ε- caprolactone)s by UV-light as- 

isted cycloaddition of α, ω- dianthracene-terminated linear poly( ε- 

aprolactone). They observed that by increasing the polymer con- 

entration the ring size increased from di-, tri- to tetrameric 

yclics. The formation of unimeric cyclic polymer was not found. 

y heating the cycles at 160 °C, the thermal dissociation of dimeric 

nthracene units and the formation of original linear telechelics 

ccurred. 

https://en.wikipedia.org/wiki/Polycyclic_aromatic_hydrocarbon
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Fig. 9. Synthesis of cyclic PEO by means of CB[8]-assisted self-assembly and UV-light irradiation [61] . 

Fig. 10. Cyclic-linear topological conversion of PEO and PTHF by photodimerization 

of anthracene end groups and thermal dissociation, respectively. Effects of the sub- 

stituent on the anthracene group [63] . 
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Fig. 11. Synthesis cyclic PCEVE via heterocoupling of α- styrenyl, ω- iodo PCEVE [66] . 
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In 2016, Tezuka et al. [63] reported on the reversible 

yclic-linear topological conversion of poly(ethylene oxide) and 

oly(tetrahydrofuran) by means of the photodimerization reac- 

ion of anthracene end groups and thermal dissociation, respec- 

ively ( Fig. 10 ). They demonstrated that by introducing an electron- 

ithdrawing group to the anthracene moieties (anthracene-COO- 

EO), the unimeric cyclization occurred efficiently in water and 

n organic solvents. However, by introducing electron-donating 

roups (anthracene-O-PEO and anthracene-CH 2 -PEO), the anthryl 

roups oxidized to form anthraquinone upon irradiation at 365 

m. Moreover, upon heating at 150 °C, the linear precursor was 

eversible formed. This cyclization/de-cyclization experiment was 

erformed 5 times with similar results. Similar synthetic strategy 

as later utilized by Hong et al. [64] in 2021 to synthesize the 

hermoresponsible cyclic poly( N- acryloylsarcosine methyl ester) 

rom the anthracene-COO telechelic polymer and UV-irradiation in 

iluted water solution. 

In 2022, a new approach based on the photo-induced cycliza- 

ion of cyanostilbene-terminated telechelic poly(dimethyl siloxane) 

as reported by Wang et al. [65] This is based on the supramolec- 

lar stacking of cyanostilbenes, directed by hydrogen bonds, which 

llows the [2 + 2] photo-cycloaddition of active terminals upon 

30 nm light irradiation. Multimeric cyclic chains are produced 

rom concentrated polymer solution facilitating the formation of 

upramolecular crosslinked networks and gels. 

.1.2. Heterodifunctional unimolecular ring closure 

The coupling of heterodifunctional polymers is the most effi- 

ient way to produce cyclic polymers [7] . Although the synthesis 

f α, ω- heterofunctional polymers is more challenging compared 

o α, ω-homofunctional polymers, the amounts of impurities gen- 

rated during cyclization is notably reduced in heterodifunctional 

nimolecular ring closure reactions. This is because the rate of in- 

ermolecular coupling is reduced by a factor of two since the ef- 
5 
ective concentration of complimentary reactive groups is reduced 

y two [21] . 

The first example of successful cyclization via the heterodifunc- 

ional unimolecular coupling was demonstrated by Deffieux et al. 

66] in 1991. Cyclic poly(2-chloroethyl vinyl ether) (PCEVE) was 

enerated from a well-defined linear precursor containing a iodo 

nd a styrenyl groups at the chain ends ( Fig. 11 ). In the reaction,

he iodide was activated towards the terminal styrenyl group with 

nCl 4 under high dilution. The reaction was quenched with sodium 

ethoxide. Similar iodo-styrenyl activated reaction was used later 

y Deffieux et al. [67] for the synthesis of cyclic polystyrene with 

olecular weights of ∼120 0 0 Da and high cyclic purity ( > 95 %).

able 1 summarizes these and subsequent reactions performed by 

ntroducing two distinct functional groups at the chain ends. 

In 2001 the concept of “click” chemistry was introduced by 

harpless et al. [72] . In order to be qualified as “click” reaction, the 

eaction must be modular, very high yield and wide in scope. In 

he case of the formation of byproducts, they must be inoffensive 

nd removable by non-chromatographic methods. Additionally, the 

eaction conditions must be simple (i.e. readily available reagents, 

asily removable solvent and purification by non-chromatographic 

ethods). Finally, the product must be stable under physiological 

onditions. One of the most popular “click” reaction is the Huis- 

en dipolar cycloaddition [73] of an azide and an alkyne group, 

o form both 1,4 and 1,5-substituted [ 1 , 2 , 3 ]-triazole ring. Fokin,

harpless et al. [74] and Meldal et al. [75] reported simultane- 

usly the use of a copper (I) catalyst in the cycloaddition of azides 

nd alkynes, allowing the reaction to proceed at room temperature 

nd giving access to one specific regioisomer, the 1,4-substituted 

 1 , 2 , 3 ]-triazole. Since then, the copper-catalyzed azide alkyne cy- 

loaddition (CuAAC) has been extensively used in polymer chem- 

stry [ 76 , 77 ]. 

In 2006, Laurent and Grayson demonstrated that cyclic 

oly(styrene)s could be conveniently generated by means of CuAAC 

click” reaction [37] . This use of “click” chemistry constituted a 

reat breakthrough for the synthesis of cyclic polymers. Linear 

olystyrene chains were first synthesized by atom transfer radi- 

al polymerization (ATRP) with propargyl 2-bromoisobutyrate as 

nitiator ( Fig. 12 ). After modification of the terminal bromide into 

zide, a solution of the obtained polymer was added dropwise into 

 copper catalyst solution under inert atmosphere. The consump- 

ion of the two complementary end-groups to form triazole rings 

as confirmed by 1 H NMR and FTIR. The clear shift in retention 

ime observed in SEC measurements demonstrated the formation 



J. Ochs, C.A. Pagnacco and F. Barroso-Bujans Progress in Polymer Science 134 (2022) 101606 

Table 1 

Cyclic polymers generated from α, ω-heterodifunctional linear precursors via addition and condensation reactions. 

α- group ω- group catalyst / activator reaction polymer cyclic yield (%) Ref. 

iodide Styrenyl SnCl 4 addition PCEVE 80 [66] 

iodide Styrenyl SnCl 4 addition PS 85-90 [67] 

diethyl acetal bis(hydroxyl methyl) TSOH cond. PS 90 [68] 

carboxyl Amine MeClPyI cond. PS 62, 64 [ 69 , 70 ] 

hydroxyl Carboxyl MeClPyI cond. PS 95 [71] 

p -toluenesulfonic acid = TSOH, 1-methyl-2-chloropyridinium iodide = MeClPyI, polystyrene = PS, condensation = cond. 

Fig. 12. Cyclization of poly(styrene) via CuAAC “click” reaction [37] . 

Table 2 

Cyclic polymers generated from α-alkyne, ω-azide or α-azide, ω-alkyne linear precursors via CuAAC “click” reactions 

catalyzed by Cu(I). 

polymerization polymer Cu salt amine used in CuAAC ref. 

ATRP PS Cu(I)Br 2,2’-bipyridyl [37] 

PNIPAM Cu(I)Br 2,2’-bipyridyl [78] 

PtBA Cu(I)Br triethylamine [79] 

PVBCZ Cu(I)Br PMDETA [80] 

NMP PS Cu(I)Br PMDETA [81] 

RAFT PNIPAM CuSO 4 /sodium ascorbate - [82] 

PS Cu(I)Br 2,2’-bipyridyl [83] 

PS Cu(I)Br PMDETA [84] 

ROP PCL Cu(I)Br PMDETA [ 42 , 85 , 86 ] 

PVL Cu(I)Br 2,2’-bipyridyl [87] 

PBO, PBnGE Cu(I)Br 2,2’-bipyridyl [88] 

PEOx Cu(I)Br PMDETA [89] 

PGPE Cu(I)Br/sodium ascorbate PMDETA [90] 

PnPropOx, PnPropOzi Cu(I)Br PMDETA [91] 

Iterative convergent PLA Cu(I)Br PMDETA [92] 

poly( N- isopropylacrylamide) = PNIPAM, poly(tert-butyl acrylate) = PtBA, poly(4-vinylbenzyl-carbazole) = PVBCZ, poly- 

caprolactone = PCL, poly( δ- valerolactone) = PVL, poly(1,2-butylene oxide) = PBO, poly(benzyl glycidyl ether) = PB- 

nGE, poly(2-ethyl-2-oxazoline) = PEOx, poly(glycidyl phenyl ether) = PGPE, poly(2- n -propyl-2-oxazoline) = PnPropOx, 

poly(2- n -propyl-2-oxazine) = PnPropOzi, polylactide = PLA. 
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f cyclic chains. In the following years, the same ATRP - CuAAC 

click” strategy was employed for the synthesis of cyclic poly( N- 

sopropylacrylamide) [78] , cyclic poly(tert-butyl acrylate) [79] , and 

yclic poly(4-vinylbenzyl-carbazole) [80] . Table 2 summarizes these 

nd other reactions using the CuAAC “click” strategy to generate 

yclic polymers. 

Other polymerization techniques such as nitroxide-mediated 

adical polymerization (NMP) of styrene [81] , RAFT of N- 

sopropylacrylamide [82] and styrene [ 83 , 84 ], ring-opening poly- 

erization (ROP) of lactones [ 42 , 85 –87 ] and epoxides [ 88 , 90 ], and

terative convergent synthesis of rac -lactide [92] have been re- 

orted in combination with CuAAC “click” chemistry to gener- 

te macrocycles. The cyclization efficiency of the latter was re- 

orted to decrease from 99% to 30% with increasing molecu- 

ar weight from 3 to 37 kg/mol, as expected from the decreas- 

ng probability of the chain ends finding each other. The CuAAC 

click” chemistry is clearly compatible for the preparation of 

yclic block copolymers. Although they are not the main objec- 

ive of this review, we can cite some of them such as cyclic 

oly(methyl methacrylate)-b-polystyrene [93] , cyclic poly(2-(2- 

ethoxyethoxy)ethyl methacrylate)-b-poly(oligo(ethylene glycol) 

ethyl ether methacrylate) [94] , cyclic polystyrene-b-polyisoprene 

95] , and cyclic poly(ethylene gylcol)-b-poly(caprolactone) [96] . 
6

In the effort to eliminate the use of copper-based catalyst in 

lick reactions while retaining the high efficiency of the CuAAC 

eaction, the strain promoted azide-alkyne [3 + 2] cycloaddi- 

ion (SPAAC) reaction was investigated by Zhang et al. [97] in 

he generation of cyclic polymers. SPAAC employs cyclooctynes 

hat are activated by ring strain, and do not use the cytotoxic 

opper. In this initial study, α- cyclopropenone-masked dibenzocy- 

looctyne, ω- bromo polystyrene was synthesized by ATRP and the 

romo group was modified into azide ( Fig. 13 ). Finally, under UV- 

rradiation and high dilution the cyclopropenone-masked dibenzo- 

yclooctyne was deprotected allowing the strained alkyne to re- 

ct with the complementary azide and to yield the corresponding 

yclic polymer. Interestingly, a batch procedure where three suc- 

essive additions of the linear precursor (7 mg) into 30 mL of sol- 

ent followed by UV-irradiation for 5 h gave pure cyclic polymer 

n high amounts. 

The Diels-Alder reaction, discovered in 1928 [98] , is one of 

he simplest reactions forming carbon-carbon bonds. Heteroatom–

eteroatom bonds are also plausible (hetero-Diels–Alder) [99] . 

ne of the main advantages of Diels-Alder cycloaddition over the 

uAAC “click” reaction is its catalyst-free aspect, and that its acti- 

ation is easily done by heat or light [100] . In 2000, Mizawa et al.

101] prepared cyclic poly(methyl methacrylate) by Diels-Alder in- 
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Fig. 13. UV-induced SPAAC reaction for the synthesis of cyclic polystyrene [97] . 

Fig. 14. ATRP and Diels-Alder [4 + 2] cycloaddition for the synthesis of cyclic 

polystyrene [102] . 
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Fig. 15. ROP and photo-induced Diels-Alder [4 + 2] cycloaddition for the synthesis 

of cyclic poly( ɛ -caprolactone) [105] . 
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ramolecular reaction of α- maleimide, ω- dienyl end-groups under 

eflux in THF. Ten years later, a more efficient procedure combin- 

ng ATRP and Diels-Alder reaction was reported by Tunca et al. 

102] ( Fig. 14 ). They reacted intramolecularly an α-anthracene, ω- 

aleimide polystyrene by Diels-Alder [4 + 2] cycloaddition, a re- 

ction that has been described as a click-type reaction [103] . The 

yclization efficiency was 85% (M n ∼5 kg/mol) after 48 h of re- 

ux. Cyclic block copolymers of styrene and tert -butyl acrylate, and 

tyrene and ε- caprolactone of higher molecular weight (M n ∼10 

g/mol) were also prepared with a cyclization efficiency of 77%. 

able 3 summarizes these and other reactions using the Diels-Alder 

eaction to generate cyclic polymers. 
7 
In 2011, Barner-Kowollik et al. [104] presented a Diels-Alder cy- 

lization reaction that occurred much faster, in 6 h of reflux, and 

ith a very high cyclic purity. They used a very efficient reac- 

ion between cyclopentadiene and maleimide end groups by syn- 

hesizing first α-furan-protected maleimide, ω-bromide function- 

lized poly(methyl methacrylate) and poly(tert-butyl acrylate) of 

 n ∼3 kg/mol via ATRP and then, the substitution of bromine by 

yclopentadiene. Deprotection of maleimide end group occurred 

uring reflux followed by the Diels-Alder [4 + 2] cycloaddition. 

ater, in 2014, Barner-Kowollik et al. [105] used light to activate the 

iels-Alder [4 + 2] cycloaddition of α-o -methylbenzaldehyde, ω- 

crylate functionalized poly( ε- caprolactone) (M n ∼ 3 kg/mol) and 

oly( L -lactide) (M n ∼ 4.5 kg/mol). This approach is based on the 

hotoisomerization of the o -methylbenzaldehyde and the result- 

ng in situ formation of a highly reactive diene, the hydroxy- o - 

uinodimethane (photoenol). The irradiation of a diluted polymer 

olution (25 mg/L) with UV-light ( λmax = 320 nm) for 12 h gave 

he corresponding cyclic polymer in very high yield ( Fig. 15 ). A 

ear later, Coulembier et al. [106] extended the use of this chem- 

stry under sunlight irradiation. 

Light induced activation has become an important method 

or synthesizing a variety of cyclic homopolymers and copoly- 

ers since the initial report of Barner-Kowollik et al. [105] . For 
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Table 3 

Cyclic polymers generated via Diels-Alder reaction. 

polymerization Polymer α- group ω- group activation Ref. 

Anionic PMMA maleimide dienyl Heat [101] 

ATRP PS anthracene maleimide Heat [102] 

ATRP PMMA, PtBA furan-protected maleimide cyclopentadiene Heat [104] 

ROP PCL, PLA o -methylbenzaldehyde acrylate UV light [105] 

PCL, PLA o -methylbenzaldehyde acrylate Sun light [106] 

RAFT PS, PMMA, PtBA, PDMA, P2VP o -methylbenzaldehyde thiobenzoylthio UV light [107] 

poly(methyl methacrylate) = PMMA, poly( N,N- dimethylacrylamide) = PDMA, P2VP = poly(2-vinylpyridine) 

Fig. 16. Photo-induced Diels-Alder [4 + 2] cycloaddition for the synthesis of cyclic 

polystyrene [107] . 
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nstance, Zhang et al. [107] synthesized a series of vinyl ho- 

opolymers and copolymers via RAFT polymerization, by which 

he photosensitive moieties o -quinodimethane and dithioester 

nd groups were introduced. As an example, Fig. 16 shows the 

iels-Alder [4 + 2] cycloaddition of α-o -methylbenzaldehyde, ω- 

hiobenzoylthio polystyrene. This convenient synthetic route allows 

he generation of a variety of cyclic polymers with a high cycliza- 

ion efficiency, either by using one-pot technique where the cyclic 

olymer is generated directly after polymerization without previ- 

us purification steps, or in batches by increasing the amounts of 

btained products, in that case in the mg scale. Later, the use of 

 continuous flow technique demonstrated that the production of 

yclic polystyrene could be conveniently scaled to the gram scale 

y using the previously described UV-induced Diels-Alder reac- 

ion [108] . This photo-induced Diels-Alder technique was also used 

y Zhao et al. [109] to generate cyclic poly(ionic liquids)s starting 

rom the synthesis of cyclic poly(1-(4-vinylbenzyl)imidazole) and 

oly(2-pyridine) followed by the quaternization of nitrogen hetero- 

ylic side groups with bromoacetonitrile and counterion exchange 

ith organic anions. 

In 2013, Monteiro et al. [110] combined the RAFT polymer- 

zation with thiol-ene Michael addition for the synthesis of a 

umber of cyclic polymers with a cyclization efficiency of 80 %. 

 test performed on the thio-bromo cyclization of polystyrene 

ccurred in only 25 % demonstrating that the thiol-ene reac- 

ion was more efficient. Fig. 17 shows the involved reactions. 

 previously synthesized heterofunctional trithiocarbonate RAFT 

gent mediated the polymerization of styrene, tert-butyl acrylate, 

- isopropylacrylamide and N,N- dimethylacrylamide. An activated 

crylate function was introduced at one chain end via post poly- 

erization modification. The cyclization was then performed in a 

ne-pot reaction, via hexylamine-catalyzed cascade aminolysis and 

hiol-ene Michael addition sequence at 25 °C. Same year, Kim et al. 

111] reported the synthesis of cyclic poly( N- isopropylacrylamide) 

y combining RAFF polymerization with the anthracene-thiol click 
8 
eaction. Hydrazine hydrate was used as aminolysis agent to con- 

ert the dithioate group into a thiol group, and AIBN to promote 

he radical catalyzed anthracene–thiol click reaction. These and 

ther reactions have been summarized in Table 4 . 

In 2019, Chen, Wu et al. [114] combined RAFT polymeriza- 

ion with sulfur(VI)-fluoride exchange (SuFEx) click reaction to 

ynthesize cyclic poly( N- isopropylacrylamide) and cyclic poly( N- 

inylpyrrolidone). RAFT polymerization was performed by using a 

redesigned RAFT agent containing both ether and sulfonyl flu- 

ride moieties ( Fig. 18 ). Then, the intramolecular cyclization re- 

ction was catalyzed by TBD in air at room temperature. The 

uFEx reaction is an extremely efficient click reaction, accord- 

ng to Sharpless et al. [117] . It has the advantages of being in-

rt to UV light, insensitive to oxygen and water, and does not re- 

uire a metal catalyst. Its fast reaction rates at room temperature, 

igh yields, high tolerance toward various functional groups, and 

asy manipulation allow the fast intramolecular reaction typically 

eeded for generating cyclic chains with low amounts of linear 

yproducts. 

Also in 2019, Tezuka et al. [115] reported the synthesis of 

yclic polystyrene and cyclic PTHF by means of electrostatic self- 

ssembly and covalent fixation (ESA-CF), a technique developed 

n his group for years for the synthesis of complex architectures 

nd cyclic topologies as described in next section. ESA-CF lies in 

he electrostatic self-assembly promoted by the attraction of ionic 

airs and the balance of electric charges followed by the ther- 

ally induced transformation of ionic bonds to covalent bonds 

118] . In the reaction, telechelic polymers containing a cyclic am- 

onium and a carboxylate end groups forming zwitterionic species 

ere first diluted to preferentially form the intramolecular ionic 

airs ( Fig. 19 ). Then upon heating, selective reactions between end 

roups converted the ionic interactions into a permanent covalent 

roup. High cyclic purity was obtained depending on the ammo- 

ium group [115] . 

In 2021, Tang et al. [116] reported an approach for the syn- 

hesis of cyclic polyesters based on the photo-induced intramolec- 

lar radical addition of an α- alkene, ω- O 2 C-Co III (salen) polymer 

recursor ( Fig. 20 ). First, the α- alkene, ω- O-Co III (salen) copoly- 

er of propylene oxide and phthalic anhydride was generated 

y ring-opening copolymerization using a cobalt salen pentenoate 

omplex as initiator, where the salen is the (R,R)- N,N’ -bis(3,5-di- 

ertbutylsalicylidene)-1,2-cyclohexanediamine. In the reaction, the 

nsertion of CO triggered the transformation of α- alkene, ω- O- 

o III (salen) into the active α- alkene, ω- O 2 C-Co III (salen) copolymer. 

inally, under the light of a white LED at high dilution the cycliza- 

ion reaction took place. 

.2. Ring closure by bimolecular approach 

The bimolecular ring closure approach relies on the coupling 

etween a difunctional polymer chain and a difunctional coupling 

gent in dilute solution. The cyclization takes place in two dis- 

inct steps: first, the intermolecular coupling between the polymer 

hain end and the complementary functional group of the cou- 
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Fig. 17. RAFT polymerization combined with thiol-ene Michael addition for the synthesis of cyclic polymers [110] . 

Fig. 18. RAFT polymerization and sulfur(VI)-fluoride exchange (SuFEx) click reaction for the synthesis of cyclic poly( N- vinylpyrrolidone) [114] . 

Fig. 19. Synthesis of cyclic poly(tetrahydrofuran) by unimolecular ESA-CF of linear precursor end-caped with quinuclidinium cation and benzyl carboxylate anion [115] . 

Fig. 20. Photo-induced radical cyclization of a copolyester of propylene oxide and phthalic anhydride mediated by a cobalt salen [116] . 
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ling agent, and second, the intramolecular coupling between the 

emaining complementary functional groups of the polymer chain 

nd the coupling agent. The stoichiometry between the polymer 

hain and the coupling agent must be respected to obtain a high 

ercentage of cyclic product. If this condition is not fulfilled, lin- 

ar byproducts will be obtained in large amounts. In the case of 

n excess of polymer over the coupling agent, the formation of 

olymer/coupling agent/polymer species will be favored. For an ex- 

ess of coupling agent over the polymer, the formation coupling 

gent/polymer/coupling agent species will be then favored. 
9 
The second and major limitation of this approach is the com- 

ination of two steps that require opposite conditions. The first 

ntermolecular reaction between the polymer chain and the cou- 

ling agent is favored by low dilution. However, high dilution fa- 

ors the second intramolecular reaction to produce cyclic chains. 

ince the reaction is a one-pot process, the concentration of both 

omponents must be kept as low as possible to avoid the forma- 

ion of linear byproducts. As a result, the intermolecular coupling 

ccurring during the first step is very slow. To overcome the slow 

inetics of the first step, highly efficient coupling reactions must 



J. Ochs, C.A. Pagnacco and F. Barroso-Bujans Progress in Polymer Science 134 (2022) 101606 

T
a

b
le
 
4
 

O
th

e
r 

cy
cl

iz
a

ti
o

n
 
re

a
ct

io
n

s.
 

p
o

ly
m

e
ri

za
ti

o
n
 

p
o

ly
m

e
r 

α
- g

ro
u

p
 

ω
- g

ro
u

p
 

re
a

ct
io

n
 

a
ct

iv
a

ti
o

n
 

cy
cl

ic
 
y

ie
ld
 
(%

) 
R

e
f.
 

A
T

R
P
 

P
S
 

cy
cl

o
p

ro
p

e
n

o
n

e
-m

a
sk

e
d
 
d

ib
e

n
z

o
cy

cl
o

o
ct

y
n

e
 

b
ro

m
o
 

S
P

A
A

C
 

li
g

h
t 

1
0

0
 

[9
7

] 

R
A

F
T
 

P
S

, 
P

tB
A

, 
P

N
IP

A
M

, 
P

D
M

A
 

a
cr

y
la

te
 

th
io

l 
th

io
l-

e
n

e
 
M

ic
h

a
e

l 
a

d
d

it
io

n
 

h
e

x
y

la
m

in
e
 ∗

8
0
 

[1
1

0
] 

P
N

IP
A

M
 

a
n

th
ra

ce
n

e
 

th
io

l 
ra

d
ic

a
l 

in
d

u
ce

d
 
th

io
l-

e
n

e
 

A
IB

N
 

- 
[1

1
1

] 

P
N

IP
A

M
, 

P
D

M
A
 

B
ro

m
o

m
a

le
im

id
e
 

th
io

l 
su

b
st

it
u

ti
o

n
 

N
a

B
H
 4
 

∗
h

ig
h
 

[1
1

2
] 

P
M

M
A
 

m
a

le
im

id
e
 

th
io

l 
th

io
l-

M
ic

h
a

e
l 

N
a
 2
 

S
 2
 

O
 3
 

∗
8

0
 

[1
1

3
] 

P
N

IP
A

M
, 

P
V

P
 

t -
b

u
ty

ld
im

e
th

y
ls

il
y

l 
e

th
e

r 
su

lf
o

n
y

l 
fl

u
o

ri
d

e
 

S
u

F
E

x
 

T
B

D
 

- 
[1

1
4

] 

L
iv

in
g
 
a

n
io

n
ic
 

P
S
 

q
u

in
u

cl
id

in
iu

m
 
o

r 
N

- p
h

e
n

y
lp

y
rr

o
li

d
in

iu
m
 

ca
rb

o
x

y
la

te
 

E
S

A
-C

F
 

h
e

a
t 

<
 8

8
 

[1
1

5
] 

L
iv

in
g
 
ca

ti
o

n
ic
 

P
T

H
F
 

ca
rb

o
x

y
la

te
 

q
u

in
u

cl
id

in
iu

m
 
o

r 
N

- p
h

e
n

y
lp

y
rr

o
li

d
in

iu
m
 

E
S

A
-C

F
 

h
e

a
t 

<
 8

8
 

[1
1

5
] 

R
O

C
O

P
 

P
o

ly
e

st
e

r 
o

f 
P

O
/P

h
A
 

a
lk

e
n

e
 

O
 2
 

C
C

o
II

I-
sa

le
n
 

p
h

o
to

-i
n

d
u

ce
d
 
ra

d
ic

a
l 

a
d

d
it

io
n
 

li
g

h
t 

- 
[1

1
6

] 

∗ u
se

d
 
to
 
g

e
n

e
ra

te
 
th

e
 
th

io
l 

g
ro

u
p

s 
in
 
si

tu
 . 

P
o

ly
( N

- v
in

y
lp

y
rr

o
li

d
o

n
e

) 
= 

P
V

P,
 
1,

5
,7

-t
ri

a
za

b
ic

y
cl

o
[4

.4
.0

]d
e

c-
5

-e
n

e
 
= 

T
B

D
, 

p
o

ly
(t

e
tr

a
h

y
d

ro
fu

ra
n

) 
= 

P
T

H
F,
 
ri

n
g

-o
p

e
n

in
g
 
co

p
o

ly
m

e
ri

za
ti

o
n
 
= 

R
O

C
O

P,
 
p

ro
p

y
le

n
e
 
o

x
id

e
 
= 

P
O

, 
p

h
th

a
li

c 

a
n

h
y

d
ri

d
e
 
= 

P
h

A
 

b

c

2

p

p

a

s

s

w

d

p

o

t

e

t

i

w

f

y

t

α
y

c

i

p

t

a

l

a

p

g

w

r

(

p

t

a

s

m

t

o

d

l

t

t

fi

α
r

a

t

p

[

a

i

b

b

c

t

w

c

a

10 
e used. However, in most cases cyclization via bimolecular ring 

losure is contaminated by non-cyclic byproducts. 

.2.1. Bimolecular homodifunctional coupling 

In 1980, Geiser and Höcker [119] , and Rempp et al. [120] re- 

orted simultaneously the first cyclic polystyrene with α, α’-dihalo- 

-xylene as bifunctional coupling agent ( Fig. 21 ). To generate a di- 

nionic “living” chain, the anionic polymerization of styrene with 

odium naphthalene was performed under argon atmosphere. A 

olution of the obtained polymer was then added simultaneously 

ith an equimolar solution of the coupling agent into pure tetrahy- 

ropyran, where cyclization took place under high dilution. Cyclic 

olymers from 3 to 25 kDa with polydispersities below 1.2 were 

btained, but with rather low yields of cyclization ( < 50%). Af- 

er the addition of one equivalent of coupling agent, the pres- 

nce of styryl anion was still detected by means of colorime- 

ry. The presence of unreacted anions is a sign of non-cyclic liv- 

ng chains. By adding an excess of coupling agent, linear chains 

ith much greater molecular weight than the cyclic product were 

ormed and could be efficiently separated by fractionation. A few 

ears later, a similar method was used by Roovers and Toporowski 

o synthesize cyclic polystyrene of 450 kDa by replacing the 

, α’-dihalo-p-xylene by dimethyldichlorosilane [121] . However, the 

ields of cyclization remained low. By using dianionic polymer pre- 

ursors, a diversity of cyclic homopolymers have been synthesized 

ncluding poly(butadiene) [122] , poly(2-vinylpyridine) [123] , and 

oly(isoprene) [124] . 

In 1996, Ishizu and Kanno implemented the interfacial reac- 

ion between the linear polymer precursor and the coupling agent 

s a method to reduce the problems associated to intermolecu- 

ar coupling [125] . They first reacted the polystyryl dianion with 

 large excess of 1,4-dibromobutane to generate the dibromobutyl 

olystyrene ( Fig. 22 ). Then, the polymer was dissolved in an or- 

anic phase (toluene/DMSO) and was reacted at the interphase 

ith hexamethylene diamine dissolved in water/NaOH under stir- 

ing at 80 °C. The authors demonstrated high yields of cyclization 

80-90 %). Moreover, with this strategy the concentration of linear 

recursor was as high as 10 −3 M, while other coupling strategies 

ypically require much lower concentration (around 10 −6 M) to 

void intermolecular coupling. Ishizu and Ichimura extended this 

trategy to the synthesis of polystyrene-b-poly(isoprene) copoly- 

er [126] . 

The Williamson etherification reaction was implemented in 

he 90’ by Booth et al. [127] to synthesize cyclic poly(ethylene 

xide)s. They reacted α, ω- dihydroxy poly(ethylene glycol)s with 

ichloromethane in the presence of KOH, a technique that was 

ater improved by adding poor solvents to the polymer solution 

o assure the ring closure by reducing the end-to-end distance of 

he linear polymer coil [128] . With this method, cyclization ef- 

ciencies as high as 93 % were reported. In a second approach, 

, ω- dihydroxy poly(ethylene glycol)s was reacted with tosyl chlo- 

ide in the presence of KOH [129] . The poor-solvent strategy was 

lso used. Allgaier et al. [130] made important improvements of 

he purification method for obtaining multigram scale of the cyclic 

roduct obtained via tosyl chloride strategy. Hadjichristidis et al. 

131] reported the synthesis of gram scale of cyclic polystyrene 

nd cyclic poly(ethylene oxide) by means of the Williamson ether- 

fication reaction of α, ω- dihydroxy polymer precursors and di- 

romo coupling agents: 1,4-bis(bromomethyl) benzene and 2,6- 

is(bromomethyl)pyridine. 

In 20 0 0, Tezuka et al. [132] reported the first examples of 

yclic and multicyclic architectures of poly(tetrahydrofuran) syn- 

hesized via ESA-CF. Telechelic poly(tetrahydrofuran)s end-capped 

ith moderately strained cyclic N- phenylpyrrolidinium salt groups, 

arrying a plurifunctional carboxylate counteranion, were prepared 

s polymer precursors ( Fig. 23 ). At high dilution, the polymer 



J. Ochs, C.A. Pagnacco and F. Barroso-Bujans Progress in Polymer Science 134 (2022) 101606 

Fig. 21. Synthesis of the first cyclic polystyrene via bimolecular ring closure using α, α’-dihalo-p-xylene as bifunctional coupling agent [ 119 , 120 ]. 

Fig. 22. Cyclization of polystyrene using interfacial condensation (last step) [125] . 

Fig. 23. Example of cyclization of poly(tetrahydrofuran) via electrostatic self-assembly covalent fixation (ESA-CF) [132] . 
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Fig. 24. Cyclization of polystyrene via double-strain-promoted azide −alkyne click 

reaction [137] . 
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ormed cyclic assemblies. Then, upon heating, the attack of the 

arboxylate anion to the pyrrolidinium end-group was triggered, 

orming the neutral diester cyclic product. The authors extended 

his method to other cyclic polymers such as cyclic polystyrene 

133] , cyclic poly(ethylene oxide) [134] , and a collection of many 

ther cyclic and multicyclic architectures [135] . 

In 2010, the use of the extremely fast thiol-ene “click” re- 

ction, specifically the Michael addition of thiols to maleimides, 

as first reported by Dove et al. [136] for the preparation of 

yclic poly(lactide). They reacted α, ω- maleimido-functionalized 

oly(lactide) with 1,2-ethanedithiol in the presence of triethy- 

amine and sodium metabisulfite (to suppress thiol reduction), ob- 

aining a high yield of cyclization ( > 95 %). An advantage of us- 

ng the thiol-ene “click” reaction is the absence of copper catalyst 

nd the mild conditions that are compatible with sensitive poly- 

er backbones containing ester functions. 

In 2017, Zhang et al. [137] implemented the self-accelerating 

ouble-strain-promoted azide-alkyne click reaction (DSPAAC) for 

he synthesis of cyclic polystyrene ( Fig. 24 ). The reaction of α, ω-

iazide polystyrene and α, ω-diazide poly(ethylene oxide) with 

ym -dibenzo-1,5-cyclooctadiene-3,7-diyne (DBA) as coupling agent 

onducted to the formation of pure cyclic polymers in mild con- 

itions. This reaction is self-accelerating: the cycloaddition of the 

rst alkyne with azide increases the DBA ring strain and activates 

he second alkyne, which reacts with a second azide much faster 

han the original DBA alkyne group. Given this self-accelerating 

roperty, the requirement of 1:1 stoichiometry between the com- 
11
limentary reactive groups is no longer needed, allowing to in- 

rease the rate of intermolecular reaction by using an excess of 

he coupling agent (first reaction step). Furthermore, the formation 

f multicyclic structures is also possible by using multifunctional 

olymer precursors. 

Given the enormous advantages of the DSPAAC for the synthesis 

f cyclic and multicyclic structures with a high topological purity, 

his strategy was rapidly extended to the synthesis of other cyclic 

olymers including the poly(L-lactide) [138] , polynorbornenes 

139] , poly( N,N- dimethylacrylamide) [140] , poly(tert-butyl acrylate) 

140] , poly(vinyl acetate) [141] , poly( N- vinylcarbazole) [ 141 , 142 ],

nd complex architectures [143] . 
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Fig. 25. LPP mechanism for the synthesis of cyclic polysorbates by (a) Takasu et al. [144] and (b) Chen et al. [146] . 

Fig. 26. Schematic representation of the ring expansion polymerization. 
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Fig. 27. a) First synthesis of cyclic polylactones by REP in 1995 [148] . b) Novel Sn 

(IV) [156] and Sn (II) [157] catalysts used for REP of cyclic poly(L-lactide). 
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.3. Lewis pair polymerization (LPP) 

Cyclization by LPP relies on a ring closure process occur- 

ing after all the monomer has been consumed during poly- 

erization and at specific site in the chain. In this way, pu- 

ification steps, post-functionalization reactions and the addi- 

ion of exogenous reagents are avoided, thus simplifying the 

ynthesis of cyclic polymers and improving chemical purity. In 

017, Takasu et al. [144] synthesized diene-based cyclic poly- 

er with M n of 23 kDa ( Ð = 1.17) via anionic polymerization 

f methyl sorbate (MS) with an N-heterocyclic carbene (NHC), 

,3-bis(tert-butyl)imidazole-2-ylidene (I t Bu), in the presence of a 

ulky aluminum Lewis acid, methylaluminum bis(2,6-di-tertbutyl- 

-methylphenoxide) (MAD) ( Fig. 25 a). Similar mechanism was used 

o later synthesize cyclic PMMA initiated by a 1:1 adduct of 

AD:I t Bu, a reaction that does not need diluted conditions [145] . 

hey proposed that ring-closure occurred by a nucleophilic attack 

f the anionic propagating center into the adjacent carbon of the 

midazolium cationic α-terminus. Recently, Chen et al. [146] pro- 

osed an alternative mechanism, where cyclization occurs via con- 

ugate addition ( Fig. 25 b). In that work, a review of the mechanism

f cyclic PMMA is also proposed [146] . 

. Ring expansion polymerization (REP) 

In REP the monomer is incorporated into a preformed cyclic 

tructure that held together by a relatively labile bond (e.g. 

rganometallic or electrostatic) ( Fig. 26 ). The cyclic structure is 

aintained throughout the chain growth. Therefore, this process 

oes not suffer from entropic penalties associated to the reac- 

ion between two terminal groups as it occurs in the ring clo- 

ure method. High molecular weights can be accessed and the re- 

ction can be scaled to obtain large amounts of cyclic product. 

ome drawbacks are that the number of cyclic polymers obtained 

y REP is limited because their synthesis depends on that specific 

onomer and catalyst pairs are chemically allowed to follow such 

echanism. High polydispersity can be obtained because the for- 

ation of stable ring polymers depends on the rates of polymer- 
12 
zation, depolymerization and backbiting. And finally, the removal 

f the catalyst can be challenging. 

.1. REP with metal-based catalysts to cyclic polyesters 

The development of REP techniques using tin-based initiators 

or the generation of cyclic polyesters has been pioneered by 

richeldorf [147] . In 1995, Kricheldorf and Lee prepared macrocy- 

les of different (thio)lactones using tin heterocyclic initiators such 

s 2,2-dibutyl-1,3-dioxa-2-stannates generated from dibutyltin ox- 

de and aliphatic diols [ 148 , 149 ]. The monomer units are in-

erted into the Sn-O bond of the initiator leading to the propa- 

ation of macrocyclic esters ( Fig. 27 a). Molecular weights up to 

2 kg/mol were obtained with a Ð value of 1.7. The cyclic struc- 

ure was confirmed by SEC and 

1 H NMR analysis. The conden- 

ation of α, ω- dihydroxy polymers such as poly(ethylene glycol) 

150] , poly(tetrahydrofuran) [151] , and poly(siloxane) [152] with 

u 2 Sn(OMe) 2 was later confirmed to conduct to the forma- 

ion of macrocycles containing the tin catalyst. After the inser- 

ion of two γ -thiobutyrolactones into the macrocycle by forma- 

ion of Sn-S bonds, the macrocycles were used as REP initiators 

f ε- caprolactone leading to the formation of macrocyclic block 

opoly(ether-esters). By removal of the Bu 2 Sn group, hydroxyl- 

erminated polymers can be generated. The use of tin-based 

nitiators were expanded to synthesize cyclic polyesters based 

n lactide monomers [ 153 , 154 ]. The replacement of the Bu 2 Sn

roups from the macrocycles was demonstrated by using cyclic 

is(thiophthalates) [155] . A ring-exchange process allowed the for- 

ation of a more stable macrocycle without an intermediate ring- 

pening reaction. 
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Fig. 28. Aluminum-based catalyst (alumatrane type) for the REP of lactide [159] . 
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Continuous effort in Kricheldorf’s group for the synthesis of 

yclic polyesters have conducted to the exploration of novel Sn- 

ased catalysts as for example those depicted in Fig. 27 b. In 2018, 

n(IV)-based catalyst containing aromatic alkoxide groups (cata- 

ysts a and b) showed fast polymerization of L-lactide in bulk at 

emperatures between 160 and 180 °C without observing racem- 

zation [156] . Molecular weight of about 30 kg/mol were obtained 

ut with high Ð values from 3 to 6. In a novel approach, industry- 

tandard Sn(II) 2-ethylhexanoate (catalyst c) showed M n values as 

igh as 160 kg/mol ( Ð ∼ 2) of cyclic poly(L-lactide) in the bulk 

olymerization at 160 °C [157] . To explain the formation of cyclic 

hains the authors invoked a ROP mechanism, where initiation oc- 

urs by a coordination–insertion mechanism yielding a tin alkoxide 

nd group, and the simultaneous occurrence of polycondensation 

nd end-to-end cyclization. More information on the polymeriza- 

ion mechanisms with tin catalysts can be found in a recent review 

f Kricheldorf and Weidner [158] . 

In 2012, Getzler et al. [159] reported on the use of a novel 

lumatrane catalyst [ N,N- bis(3,5-di-tert-butyl-2-benzyloxy)-2-(2- 

minoethoxy)ethoxy)aluminum] (cat) to generate cyclic poly(lactic 

cid) (cPL) by REP of lactide ( Fig. 28 ). The polymerization occurs 

n solution and in melt, which is in line with many REP polymer- 

zations. cPLs of M n up to 39 kDa were obtained with relatively 

ow Ð values. The proposed mechanism of polymerization is based 

n a coordination −insertion mechanism generating the macromet- 

llacycle L-cat. At certain time and conditions, L-cat undergoes an 

ntramolecular chain transfer to liberate cPL and regenerate free 

atalyst. This hypothesis was later confirmed by kinetics studies, 

here first order in catalyst and zero order in monomer were 

ound supporting the intramolecular catalyst rearrangement [160] . 

In 2015, Phomphrai et al. [161] reported on the use of salicy- 

aldiminato tin (II) catalysts containing different alkoxy side chains 

o catalyze the REP of L-lactide and ɛ - caprolactone ( Fig. 29 ). The tin

omplex having the shorter alkoxy chain (complex a) conducted to 

he formation of cyclic PLA, whereas that having the longer chain 

complex c) conducted only to linear PLA. The length of the side 

hain determines the distance between the tin atom and the grow- 

ng polymer chain. The intramolecular transesterification is respon- 

ible for the formation of cyclic polymer chains but only when 

ccurring near the metal atom. A further development of guani- 

inate tin (II) catalytic complexes by Phomphrai et al. [162] in 

020 corroborated the ability of these catalysts to synthesize cyclic 

olyesters of L- lactide and ɛ - caprolactone. 

In 2015, Bonnet et al. [163] synthesized cyclic PLA by means 

f bulk polymerization and reactive extrusion polymerization of L- 

actide using alkaline-earth and lanthanide borohydride complexes 

s catalyst: Mg(BH 4 ) 2 , Ca(BH 4 ) 2 (THF) 2 and Ln(BH 4 ) 3 (THF) 3 with 

n = Nd, Sm and La. They observed that the cyclic product was ob- 
13
ained in all the polymerization systems. The higher activity of the 

anthanides complexes made it possible for the reaction to proceed 

t 130 °C (typically 185 °C), providing molecular weights of up to 

0 kg/mol. This technique has a great potential for industrial-scale 

ynthesis of cyclic polyesters. 

In 2018, Chen et al. [164] proposed a modified version of non- 

olymerizable γ -butyrolactone (GBL), the 3,4-trans six-membered 

ing–fused GBL (3,4-T6GBL), which polymerized at room tempera- 

ure under solvent-free conditions yielding high-molecular weight 

roducts. Moreover, by using a coordination-insertion ROP catalyst 

nd commercially available La[N(SiMe 3 ) 2 ] 3 at low loadings (1 to 

.05 mol % catalyst) they found that cyclic polymers were gener- 

ting at high monomer conversions (79-84 %), achieving molecular 

eights in the range of 73.0-85.5 kDa and Ð of 1.34-1.48 ( Fig. 30 ).

revious to this work, Hong and Chen [165] , had found that the 

a[N(SiMe 3 ) 2 ] 3 catalyst was able to polymerize the GBL at subzero 

emperatures to produce mixtures of linear and cyclic poly(GBL) 

tructures. The latter are believed to be produced by back-biting 

eactions. Moreover, by finely tuning the reaction conditions (sol- 

ent, monomer concentration, and nature of added alcohol) a con- 

rol over the topology was achieved. More information on the pro- 

uction of recyclable polyesters by using this La[N(SiMe 3 ) 2 ] 3 and 

ther catalysts can be found in a recent review by Tang and Chen 

166] . 

In 2020, Milione et al. [167] reported the use of a new 

OSSO]-type iron (III) catalyst for the synthesis cyclic PLA, poly( ε- 

aprolactone) and poly( β- butyrolactone). Although the catalyst 

as moderately active (initial turnover frequency up to 2718 h 

−1 ), 

he molecular weight achieved with this new catalyst were rela- 

ively low ( ∼5 kg/mol). 

In 2022, Guillaume, Carpentier et al. [168] found that an yt- 

rium amido complex, supported by a diamino-bis(phenolate) lig- 

nd bearing sterically bulky t Bu substituents, conducted to the for- 

ation of cyclic poly(3-thiobutyrate) (P3TB) with M n up to 10 kDa 

 Ð ∼ 1.5) by ROP of racemic mixtures of 3-thiobutyrolactone ( rac - 

BL) ( Fig. 31 ). The reaction proceeded with the catalyst alone or 

n the presence of co-initiators ( i Pr = H, i PrSH or BnSH). The reac-

ion in toluene occurred very rapidly at room temperature, and 

urnover frequencies above 30 0 0 h 

−1 . Cyclization is believed to 

ccur via transthioesterification and not by a back-bitting mech- 

nism, as that proposed by Chen et al. [165] in the ROP of GBL. 

y varying the nature of the different substituents in the yttrium 

omplex, a control over the stereoselectivity was achieved with 

urnover frequencies in the range of 240 0 and 12 0 0 0 h 

−1 . 

.2. REP with non-metal catalysts 

In 1997, Shea et al. [169] , discovered a borane initi- 

ted/mediated C1 living polymerization of dimethylsulfoxonium 

ethylide, which was called polyhomologation. This C1 polymer- 

zation occurs through rapid methylene insertion (one by one) 

rom dimethylsulfoxonium methylide into a weak carbon-boron 

ond of an initiator, i.e. a REP mechanism ( Fig. 32 ). Using this

trategy, the authors demonstrated that 3-arm polymethylene stars 

an be generated from trialkyl boranes and macrocyclic poly- 

ethylenes from boracyles [170] . The mechanism involves the for- 

ation of an organoboron “ate” complex (zwitterionic intermedi- 

te) formed by the attack of the nucleophilic dimethylsulfoxonium 

ethylide (monomer) on the Lewis acidic borane (initiator) fol- 

owed by migration/insertion of –CH 2 – into the initiator. M n up to 

 kDa and Ð ∼ 1.6 were generated. 

The synthesis of cyclic polysulfides from thiiranes initiated by 

yclic thioester derivatives started in 2005 by Kudo, Nishikubo 

t al. [171] . They demonstrated that 3-phenoxypropylene sul- 

de (PPS) is inserted into a cyclic dithioester in the pres- 

nce of tetrabutylammonium chloride (TBAC) to generate cyclic 
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Fig. 29. Tin (II)-based catalyst containing an alkoxy side chain for the REP of lactide [161] . 

Fig. 30. Synthesis of cyclic poly(3,4-T6GBL) with a coordination-insertion ROP cat- 

alyst, La[N(SiMe 3 ) 2 ] 3 [164] . 
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olysulfides with narrow dispersity and M n = 8 kDa ( Fig. 33 a). 

hen, a cyclic thiourethane, thiazolidine-2,4-dione (TZD), proved 

o be efficient in the insertion of PSS to give the correspond- 

ng polymers with M n up to 10 kDa and low dispersities 

 Fig. 33 b) [172] . Recently, Kameyama et al. found that a cyclic

hiourethane, 3H-benzothiazol-2-one [173] , and a dithiocarbamate, 

H-benzothiazol-2-thione (BTT) [174] are able to initiate different 

hiirane monomers conducting to the formation of the cyclic poly- 

ulfides with narrow dispersities ( Fig. 33 c). The mechanism in- 

olves the formation of a thiolate anion intermediate that facili- 

ates the ring opening of thiirane monomers. Propagation occurs 

hrough a thioacyl-transfer mechanism by expanding the cyclic 

tructure. The living character of this system is proved by chain 

xtension and the generation of block copolymers [ 173 , 174 ]. 

The continuous efforts in the development of new catalysts, 

etallic and non-metallic, have opened up new possibilities for the 

ynthesis of a variety of cyclic polymers. Given the concepts estab- 

ished behind the use of these catalysts in distinct types of poly- 

erizations, subsequent subsections have been divided into mech- 

nisms of REP. 

.3. Ring expansion metathesis polymerization (REMP) 

In 2002, Grubbs et al. [175] demonstrated the great potential 

f REMP to generate high molecular weight cyclic polybutadiene 

rom cis -cyclooctene using a Ru-based catalyst ( Fig. 34 ). The cata- 
Fig. 31. Synthesis of cyclic poly(3-thiobutyrate) by ROP of 3-th

14 
yst contains an unsaturated backbone in the N- heterocyclic car- 

ene (NHC) and 7 carbons tethered between the Ru center and 

HC ligand (UC-7 catalyst). REMP relies on the olefin metathesis 

metal-catalyzed redistribution of carbon −carbon double bonds) 

here the cyclic olefin coordinate to the REMP catalyst from 

oth ends and add into the growing polymer. During the fi- 

al step, the macrocyclic ruthenium complex undergoes an in- 

ramolecular cross-metathesis to regenerate the ruthenium cata- 

yst and yield the cyclic polybutadiene. This work established the 

rst route to extremely high molecular weight cyclic polybutadi- 

ne, > 10 0 0 kDa. Upon hydrogenation, cyclic polyethylene was ob- 

ained. A year later, same authors extended this approach to the 

EMP of 1,5-cyclooctadiene (COD) [176] . Linear byproducts were 

ormed by polymerization of 4-vinylcyclohexane (4VC), an impu- 

ity contained in COD. The formation of those linear chains were 

uppressed when 1,5,9-trans-cis-trans-cyclododecatriene was used 

s a monomer, since it was free of 4VC and formed the same cyclic 

olybutadiene by REMP. 

In 2021, Golder et al. [177] designed a Ru-benzylidene initiator 

CB6) that showed an excellent molecular weight control for the 

ynthesis of high molecular weight cyclic poly(norbornene)s (up to 

 n = 400 kg/mol) ( Fig. 35 ). The performance of this new cata- 

yst was compared with a catalyst similar to UC-7 but that con- 

ained 5 carbons anchored between the Ru center and NHC lig- 

nd (UC-5). The authors found that CB6 was more stable and pre- 

ented much faster reaction kinetics, and better molecular weight 

ontrol by generating polymer chains with values closer to theo- 

etical masses. 

In the context of REMP, Veige and co-workers have made sig- 

ificant advances in the development of tungsten catalysts [ 178 –

82 ], and, recently, of a molybdenum-based catalyst [183] , for the 

ynthesis of cyclic polyenes ( Fig. 36 and Table 5 ). In 2016, they re-

orted the first catalyst based on tungsten promoting stereocon- 

rolled REMP to yield ci s-syndiotactic cyclic polynorbornene (cat- 

lyst A) [178] . The catalyst was produced by the reaction of a 

rianionic pincer-supported tungsten alkylidyne complex (catalyst 

) with CO 2 generating an active tungsten-oxo alkylidene catalyst 

catalyst A). The obtained cyclic polymers showed great control 

ver their structures, cis -selectivity and syndiotacticity over 98%, 
iobutyrolactone with an yttrium amido complex [168] . 
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Fig. 32. Polyhomologation reaction producing macrocyclic polymethylene. Verification of REP to boromacrocycle was conducted by oxidation to α, ω-dihydroxy polymethylene 

[170] . 

Fig. 33. REP of thiiranes initiated with (a) cyclic dithioester [171] , (b) cyclic 

thiourethane [172] and (c) dithiocarbamate [174] . 

Fig. 34. REMP of cis -cyclooctene using a Ru-based catalyst (UC-7) generating cyclic 

polyolefin that upon hydrogenation produces cyclic polyethylene [175] . 

Table 5 

Cyclic polyenes synthesized by REMP with the catalysts of Fig. 36 and their post- 

modified cyclic compounds. 

Catalyst Cyclic polymer generated Post modification Ref. 

A polynorbornene - [178] 

B polynorbornene - [179] 

B poly(cyclic alkenes) polyacetylene [188] 

C poly(phenylacetylene) polystyrene [180] 

C polyacetylene bottlbrush (PS side chains) [181] 

C poly(4-ethynylanisole) poly(4-ethynylphenol) [184] 

C poly(4-methyl-1-pentene) - [185] 

C polypropyne polypropylene [186] 

D, E polynorbornene - [182] 

F polynorbornene - [183] 
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Fig. 35. REMP of norbornene-imide monomers using a Ru-benzylid

15 
nd molecular weights up to 578 kDa with relatively low Ð ( ∼1.2). 

he insertion of the monomer unit into the highly hindered metal 

omplex is believed to provide cis selectivity, whereas the change 

f configuration of the metal center after each monomer addi- 

ion provides syndiotacticity. Same group demonstrated that cat- 

lyst B was able to undergo ynene metathesis producing highly cis 

nd syndiotactic cyclic polynorbornene and therefore, that the re- 

ction of catalyst B with CO 2 was not mandatory to generate a 

EMP catalyst [179] . Also in 2016, catalyst C was generated from 

he reaction of catalyst B with 3,3-dimethyl-1-butyne, demon- 

trating to be very active in the REMP of cyclic phenylacetylene 

180] . This catalyst was further used in the synthesis of a number 

f cyclic polyenes [ 184 –186 ] including cyclic polyacetylene (c-PA) 

181] . These polyenes are postmodifiable to new cyclic polymers 

nd architectures (see Table 5 ). For instance cyclic bottlebrushes 

ith side chains of polystyrene and poly(butyl acrylate) were gen- 

rated from cyclic polyacetylenes, allowing the clear visualization 

f the cyclic structures by AFM [ 181 , 187 ]. Catalyst E was found as

n isolable intermediate during the synthesis of D [182] . Interest- 

ngly, catalyst E was more active and stereoselective than D, find- 

ng values as high as > 99% cis and syndiotactic selectivity, for the 

ynthesis of cyclic polynorbornene. 

With the aim of generating soluble precursors of cyclic poly- 

cetylene, catalyst B was employed for the REMP of cyclic alkenes 
ene initiator (CB6) producing cyclic poly(norbornene)s [177] . 
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Fig. 36. Scheme of some catalysts developed in Veige’s group used in REMP. 

Fig. 37. Synthesis of cyclic polyacetylene by heating soluble cyclic precursors generated by REMP of cyclic alkenes with catalyst B of Fig. 36 [188] . 
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repared by Diels-Alder cycloaddition between cyclooctatetraene 

nd benzoquinone and subsequent incorporation of different R 

oieties ( Fig. 37 ) [188] . The generated cyclic polymers presented 

ifferent solubility in organic solvents. The one containing 6 car- 

on atoms in R was soluble in benzene and in THF allowing NMR 

haracterization, GPC verification of cyclic structure and prepara- 

ion of films by solvent-casting. Finally, c-PA was generated by 

emperature-triggered retro Diels-Alder reaction of soluble poly- 

er precursors in which naphthalene derivatives are eliminated. 

In 2021, Maeda et al. [189] found that cis -stereoregular cyclic- 

oly(diphenylacetylene)s were produced by revisiting the polymer- 

zation reaction of diphenylacetylene with TaCl 5 and different co- 

atalysts such as nBu 4 Sn, Et 3 SiH, Ph4Sn and 3,6-bis(trimethylsilyl)- 

,4-cyclohexadiene. They proposed a mechanism different from the 

etathesis polymerization accepted in this system for years by 

uggesting that the cyclic formation proceeded via an insertion 

ing expansion polymerization mechanism mediated by low-valent 

antalum species, which are produced in situ by reaction of TaCl 5 
ith the cocatalyst. 

More information on the olefin metathesis for generating cyclic 

olymers and the distinct existing catalysts can be found in other 

ecent reviews by Grubbs [30] , Golder [ 22 , 190 ], Veige [191] and co-

orkers. 
t

16 
.4. Zwitterionic ring expansion polymerization (ZREP) 

“When the counterion is covalently bound to the chain, the poly- 

erization is termed macrozwitterionic ” [192] . In fact, the charge 

ancellation in the macrozwitterionic polymerization conducts to 

he formation of cyclic structures, as already suggested by Szwarc 

n 1960 [193] , by Johnston in 1982 [192] , and confirmed by 

aymouth et al. [194] in 2007 in the ZREP of lactide with N- 

eterocyclic carbenes (NHCs), also found in the literature as zwit- 

erionic ring-opening polymerization (ZROP). 

.4.1. Nucleophilic zwitterionic ring expansion polymerization 

nZREP) 

Waymouth pioneered the nZREP technique for the synthesis of 

yclic polyesters by using nuleophilic organocatalysts. The poly- 

erization of lactide using 1,3-dimesitylimidazol-2-ylidene (IMes) 

rovided a new route to synthesize metal-free cyclic polyesters of 

oderate molecular weight (M n < 25 kg/mol) and narrow poly- 

ispersity ( Ð < 1.4) ( Fig. 38 ) [194] . The attack of the NHC to

he carbonyl of lactide forms an initial zwitterionic intermediate, 

hich upon the addition of more monomer forms a macrozwit- 

erion. The cyclic structure is retained due to the electrostatic in- 

eractions that keep together the chain ends. Then, at certain re- 
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Fig. 38. First synthesis of cyclic PLA by nZREP with 1,3-dimesitylimidazol-2-ylidene in 2007 [194] . 

Fig. 39. General mechanism of nZREP. Nucleophiles and monomers used in nZREP. 
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ction time, the catalyst is expelled from the growing chain by 

enerating the macrocycles. This reaction is extremely rapid, reach- 

ng complete conversion within minutes. Kinetic investigations on 

he nZREP of lactide with IMes found that initiation is slower than 

ropagation and that cyclization is slower than propagation [195] . 

his favor the formation of large rings due to rapid consumption 

f the monomer from few initiation sites and that cyclization oc- 

urs when almost all the monomer has been consumed. Chain 

rowth does not conform to [M 0 ]/[I 0 ] making control over molec- 

lar weight difficult. However, optimization of the reaction condi- 

ions (solvent, temperature, and monomer concentration) are pos- 

ible to attain desired molecular weights. 

The nZREP strategy provided access to a number of cyclic poly- 

ers by making the right combination of monomer and catalyst. 

aymouth’s group demonstrated that this is possible by study- 

ng the polymerization of lactide, lactones, cyclic carbonates, cyclic 

hosphates, and cyclic siloxanes with different nucleophiles such 

s NHCs, amidines and isothioureas ( Fig. 39 , Table 6 ). The general

echanism of nZREP depicts the formation of zwitterionic active 

pecies and their cyclization upon the release of the catalyst. Fur- 

her information on the mechanisms and scope of nZREP can be 

ound in previous reviews of 2013 and 2017 from Waymouth et al. 

 25 , 27 ]. 

In 2021, Arnold et al. [205] reported the synthesis of high 

olecular weight cyclic PLA with Cerium (III) – NHC complexes 
17 
ontaining three NHC ligands (catalysts I and II, Fig. 40 ). The poly- 

erization rates of rac -lactide were extremely rapid, in the order 

f few seconds, and the obtained molecular weights were in the 

ange of 60-250 kg/mol, indicating that the catalyst is very active, 

fficient and topologically selective ( > 95 % of cycles). The pro- 

osed mechanism of cyclization resembles that proposed by Way- 

outh in that one NHC ligand is able to open the lactide by form- 

ng zwitterionic active species. The negative charge of the anionic 

hain is stabilized by coordination to Ce (III). The polymerization 

f L-lactide with catalyst I yielded cyclic poly(L-lactide) with M n 

p to 400 kg/mol without observing racemization, and that of ε- 

aprolactone yielded a M n of 39 kg/mol. The polymerization rates 

n both cases were slower than with rac -lactide, but are still quite 

ast, in the scale of few minutes. 

.4.2. Electrophilic zwitterionic ring expansion polymerization 

eZREP) 

As opposed to nZREP, in eZREP an electrophile attacks the 

onomer forming zwitterionic cyclic species capable of growing 

nd undergoing cyclization. In 2014, Barroso-Bujans et al. [206] re- 

orted the synthesis of cyclic polyethers by reaction of mono- 

ubstituted epoxides (e.g., GPE, glycidol and glycidyl octafluo- 

opentylether) with B(C 6 F 5 ) 3 at room temperature. The best rep- 

esented example was the synthesis of cyclic PGPE, where molec- 

lar weights up to 12 kg/mol were obtained ( Fig. 41 ). Bulk poly-
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Table 6 

Cyclic polymers generated by nZREP. 

Catalyst Monomer M n (kg/mol) a Ref. 

IMes lactide < 31 [ 194 , 195 ] 

Me 2 IEt 2 δ- valerolactone + ε- caprolactone 46-77 b [196] 

IMes, IMe 4 , Me 2 IEt 2 , Me 2 IPr 2 ε- caprolactone < 114 [ 197 , 198 ] 

DBU, DBN lactide < 56 [199] 

IMes, IMe 4 , Me 2 IPr 2 TMOSC < 942 [200] 

IMe 4 , Me 2 IPr 2 δ- valerolactone < 39 [201] 

IMes, IMe 4 , Me 2 IPr 2 iPP < 202 [202] 

Th-1, Th-2 lactide < 66 [203] 

Me 2 IPr 2 8CC Bn < 96 [204] 

a Number average molecular weight determined by GPC with polystyrene calibration. b Copolymers 

of different monomer composition. 

Fig. 40. Synthesis of cyclic PLA with Ce(III) – NHC complexes [205] . 

Fig. 41. eZREP of glycidyl phenyl ether catalyzed by B(C 6 F 5 ) 3 [206] . 
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erization afforded higher molecular weights than solution poly- 

erization likely due to the release of B(C 6 F 5 ) 3 in the termination 

tep is hampered by the high viscosity of the polymerization sys- 

em. Similarly as in nZROP, the molecular weight does not con- 

orm to [M 0 ]/[I 0 ], making control over molecular weight difficult. 

hanges in the solvent polarity had no important effects on the 

olecular weight, and when using THF or dioxane as a solvent, 

opolymers of these with GPE were generated. Further study on 

he copolymerization of GPE with THF showed that copolymers 

enerated with low THF fraction conducted to the formation of 

yclic chains whereas, the opposite led to high molecular weight 

inear copolymers of M n up to 333 kg/mol [207] . Moreover, studies 

f eZREP with optically pure (S)-GPE showed that this polymer- 

zation conducts to regio-irregular, atactic, and amorphous cyclic 

GPE demonstrating that enchainment occurs by attack at both the 

ethine and methylene carbons of the epoxide ring as in many 

arbocationic polymerizations [208] . 

The major advantage of eZREP is the gram amount of cyclic 

roduct that can be obtained in a single easy step of reaction, as 

t occurs in nZREP. However, one disadvantage of eZREP is that 

on cyclic impurities are unavoidably produced in all the reac- 

ions investigated [ 209 , 210 ]. These side reactions are in part origi-

ated from the reaction of B(C 6 F 5 ) 3 with the oxygen in the glycidyl

ther moiety causing the termination of the growing chains with 

ndesired terminal groups [209] . Other side reactions come from 

he termination with adventitious water [206] . Despite this, highly 

ure cyclic polyether can be obtained by removal of hydroxyl- 
18 
erminated non-cyclic impurities by using click scavenging tech- 

iques [210] . 

By following previous eZREP mechanism, branched cyclic polyg- 

ycidol (bcPG) was recently synthesized by Lee et al. [211] by 

eaction of glycidol with B(C 6 F 5 ) 3 in solution. In nonpolar sol- 

ents, bcPG precipitates during the course of the polymerization 

ue to a change in solubility. In these conditions, part of the ini- 

ial B(C 6 F 5 ) 3 remains in solution maintaining its catalytic activ- 

ty and enabling the reinitiation of subsequent polymerization re- 

ctions. This study demonstrated that the catalyst can be recy- 

led for n 

th times without needing purification protocols. M n up 

o 2.5 kg/mol was obtained. Recent kinetic investigation in our 

roup [212] on the eZREP of glycidol in the absence of solvent 

oints to the formation of low molecular weight chains at the ini- 

ial stages of the polymerization followed by ring fusion events. 

hese events, together with branching reactions promoted by the 

ydroxyl groups in the polyglycidol chains, would explain the sud- 

en increase of the molecular weight at high conversions, where 

 n up to 8 kg/mol ( Ð ∼ 2) were obtained ( Fig. 42 ). Initiation oc-

urs by the reaction of boron with both glycidol oxygens leading to 

he formation of oxonium ions, which are prone to be attacked by 

 second glycidol monomer. The ring opening occurs competitively 

y attack of epoxide groups (active chain-end mechanism, ACEM) 

nd hydroxyls (activated monomer mechanism, AMM) leading to 

he formation of L 1,3 and L 1,4 units, respectively, as previously de- 

cribed by Dworak, Penczek, et al. in the cationic polymerization of 

lycidol with Lewis acids [213] and described in the work of Leet 
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Fig. 42. eZREP of glycidol with B(C 6 F 5 ) 3 exhibiting ring fusion events [212] . 
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t al. [211] . Finally, termination occurs by an intramolecular attack 

f the oxygen next to borane on the electron-deficient α-carbon of 

he oxonium ion, as proposed in our previous study [206] . Inspired 

n the work of Sawamoto, Ouchi et al.[ 214 , 215 ], and Engler and

ohl [216] on the cationic REP mechanisms (explained below), we 

dded a second termination mechanism, the intermolecular chain 

usion. As a result of the different reactions occurring in the poly- 

erization of glycidol, the resulting structures are formed by linear 

L 1,3 and L 1,4 ), dendritic (D) and terminal units (T 1 and T 2 ) ( Fig. 42 ).

.4.3. Lewis pair-mediated zwitterionic ring expansion 

olymerization (LP-ZREP) 

The use of acid/base Lewis pairs for the polymerization of 

poxides [217] , lactones [218] , and acrylates [ 219 , 220 ] has al-

eady been well documented in the literature. In 2013, Bouris- 

ou et al. [221] combined the Lewis acid, Zn(C 6 F 5 ) 2 , with or-

anic bases (amines or phosphines) to catalyze the ROP of lactide 

nd ɛ -caprolactone and generate cyclic structures. The bases were 

,2,2,6,6-pentamethylpiperidine (PMP), N,N- dimethylaminopyridine 

DMAP), P(n-Bu) 3 and PPh 3 . By monitoring the polymerization 

f lactide with PMP, they found that the molecular weight 

ncreased linearly with monomer conversion indicating con- 

rolled polymerization. M n were moderately high, generating 

hains up to 50 kg/mol and Ð ∼ 1.5. Moreover, chain exten- 

ion was possible by addition of a second batch of monomer 

t high conversion in contrast to nZROP of lactones with 

HCs, where reinitiation occurred instead of chain extension. Fi- 

ally, the ability of this Lewis pair to promote chain exten- 

ion was used to synthesize block copolymers of lactide and 

 -caprolactone. 

Mechanistic investigations on the polymerization of lactide 

y Zn(C 6 F 5 ) 2 /organic base Lewis pairs was reported by Li 

t al. [222] in 2016. They used P(n-Bu) 3 , DBU, 7-Methyl-1,5,7- 

riazabicyclo[4.4.0]dec-5-ene (MTBD) and IMes as a base, finding 

hat DBU, MTBD and IMes formed frustrated Lewis pairs (FLP) 

hereas DMAP formed a classical acid-base adduct. The most ster- 

cally hindered base, MTBD, exhibited the highest catalytic activity 

owards the polymerization of lactide. IMes and DBU showed mod- 

rate activity and DMAP the lowest one. The effect of temperature 

nd solvent were also investigated finding that initiation rates in- 

reased with increasing temperature and with increasing solvent 

olarity as a result of the weakening of acid-base interactions. M n 

p to 29 kg/mol and Ð ∼ 1.2 were obtained. A plausible polymer- 

zation mechanism was proposed based on the monomer activa- 

ion by the Lewis acid/base pair and the propagation of a zwit- 
19 
erionic active chain that expands upon the addition of monomer 

 Fig. 43 ). 

In 2017, Verpoort et al. [223] found that a zeolitic imidazole 

ramework ZIF-8 produced cyclic PLA in the absence of solvent 

t 160 °C. The authors proposed a LP-ZREP mechanism where the 

ewis acid (Zn) coordinates with the monomer to generate a zinc 

lkoxide, and the basic nitrogen functions as nucleophilic initia- 

or. The incorporation of monomer leads to a growing chain that 

ontains Zn-O and N-O linkages at both chain ends. Intramolecular 

ransesterification conducts to the formation of cyclic PLA and the 

elease of the ZIF-8 catalyst. Interestingly, after washing the cata- 

yst with plenty of solvent, it was reused in at least three other 

uns without losing catalytic activity. 

In 2019, Du et al. [224] synthesized cyclic poly( β- butyrolactone) 

PBL) by using amido-oxazolinate zinc complexes as LP-ZREP cat- 

lyst ( Fig. 44 ). In the figure only one of the studied zinc com-

lexes is represented, the one that conducted to the highest molec- 

lar weight of the series (M n = 197 kg/mol and Ð ∼ 2). The au- 

hors demonstrated that the Zn-N(imine) bond forms a loose pair 

ith increasing temperature that favors the coordination of Zn 

ith β- butyrolactone and the attack of imine nitrogen to carbonyl 

roup. Then, they postulated a zwitterionic ring expansion mecha- 

ism, where zwitterionic active species allowed the incorporation 

f monomer units. By adding alcohols as cocatalysts, linear PBLs 

ere formed. 

In 2022, Lee et al. [225] investigated on the LP-ZREP of glycidol 

atalyzed by B(C 6 F 5 ) 3 and organic bases (tributylamine and pyri- 

ine). The polymerization of glycidol with B(C 6 F 5 ) 3 alone conducts 

o the formation of cyclic branched polyglycidol structures accord- 

ng to an eZREP mechanism ( Fig. 42 ) [ 211 , 212 ]. By the addition of

rganic bases to this polymerization system, the eZREP mechanism 

hanges to become LP-ZREP ( Fig. 45 ) [225] . The B(C 6 F 5 ) 3 forms

rustrated Lewis pairs with tributylamine and pyridine. With in- 

reasing temperature, loose or dissociated Lewis pairs are formed. 

he B(C 6 F 5 ) 3 recovers its acidity and forms zwitterionic interme- 

iates with glycidol by interaction with the epoxide group. The 

ydroxyl group of glycidol interacts by hydrogen bonding with 

he organic base further activating the hydroxyl towards the ac- 

ivated monomer mechanism that leads to the formation of L 1,4 

nits ( Fig. 45 ). Cyclic branches structures were generated by using 

he less steric hindered pyridine as a base, whereas the more steric 

indered tributylamine, yielded hyperbranched non-cyclic struc- 

ures. These results were attributed to differences in the stability 

f zwitterionic intermediates caused by steric effects of the Lewis 

ases. M n of the obtained polymers were relatively low, of the or- 

er of 2 kg/mol. 
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Fig. 43. LP-ZREP of lactide catalyzed by Zn(C 6 F 5 ) 2 /organic base Lewis pairs [222] . 

Fig. 44. Amido-oxazolinate zinc catalyst for LP-ZREP of β- butyrolactone [224] . 

Fig. 45. LP-ZREP of glycidol catalyzed by the Lewis pair B(C 6 F 5 ) 3 / tributylamine and B(C 6 F 5 ) 3 / pyridine [225] . 

Fig. 46. Lewis acid-assisted ring-expansion cationic polymerization of poly(isobutyl vinyl ether) showing the ring fusion that causes molecular weight increase and multi- 

modal molecular weight distribution [214] . 
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.5. Cationic ring expansion polymerization (CREP) 

In 2013, Sawamoto, Ouchi et al. [214] implemented the Lewis 

cid-assisted ring-expansion living cationic polymerization initi- 

ted by a seven-member cyclic hemiacetal initiator to generate 

yclic poly(isobutyl vinyl ether) ( Fig. 46 ). Although this polymer- 

zation system shares many characteristics of ZREP, we decided to 

eep the CREP name as it was originally published by their inven- 

ors [214] . In these studies, SnBr 4 is best suited as a Lewis acid

atalyst to control the reaction by retaining the cyclic structure 

uring propagation and quenching termination. The living charac- 

er of the polymerization was demonstrated by two main features 
20
f the polymerization reaction, the multimodal molecular weight 

istribution associated to the ring fusion of two or more cyclic liv- 

ng polymers, and the increase of molecular weight and monomer 

onsumption after the addition of fresh monomer at 95% of conver- 

ion. The use of cyclic hemiacetals was key in this mechanism, as 

t allows a controlled initiation and propagation under reversible 

ctivation of hemiacetal bond assisted by the Lewis acid. The oc- 

urrence of ring fusion was verified by acidolysis, a reaction that 

leaves all the hemiacetal units and generates linear chains with 

onomodal molecular weight distribution. Effort s were made to 

educe the ring fusion events, finding that decreasing the initiator 

oncentration [226] and diluting the reaction [215] greatly reduced 
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Fig. 47. Rhodanine-mediated AREP of thiiranes catalyzed by tetrabutylammonium chloride [229] . 
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hem. Further studies demonstrated that MgBr 2 is also suited as 

 Lewis acid for the generation of cyclic poly(isobutyl vinyl ether) 

nitiated not only by the seven-membered cyclic hemiacetal used 

n previous studies but by other cyclic hemiacetals that do not 

ork with SnBr 4 [227] . A minireview on the CREP of vinyl ethers 

an be found in reference [28] . 

Also in 2013, Moore et al. [228] found that the cationic poly- 

erization of o -phtalaldehyde with BF 3 OEt 2 and other cationic ini- 

iators such as triethyloxonium tetrafluoroborate and tin (IV) chlo- 

ide conducted to the formation of cyclic poly(phthalaldehyde) in 

igh yields and M n up to 109 kg/mol. Due to the low ceiling tem-

erature of o -phtalaldehyde, chain scrambling reactions occur dur- 

ng polymerization leading to high cyclic purity. The linear chains 

re able to depolymerize whereas the cyclic chains remain stable. 

 REP model was suggested to explain the kinetic characteristics of 

his polymerization system and the sudden increase of the molecu- 

ar weight observed at high conversion, where a ring fusion mech- 

nism was also invoked [216] . 

.6. Anionic ring expansion polymerization (AREP) 

In 2020, You et al. [229] incorporated new synthetic route to 

roduce cyclic polythioethers based on rhodanine chemistry and 

REP. A quaternary onium salt (in this case tetrabutylammonium 

hloride) catalyzes the ring opening of a thiirane monomer by 

pening the ring and forming a thiolate ( Fig. 47 ). This anion then

ttacks the rhodanine forming a cyclic thioester that is able to 

xpand and incorporate more thiirane monomer. This route give 

he possibility to produce cyclic homopolythioethers and copoly- 

hioethers containing reactive functional groups as for example 

lkynes that are further functionalized to form brush cyclic copoly- 

er. These structures with diameters of about 50 nm were clearly 

etected by TEM and AFM. Furthermore, the authors demon- 

trated that thanks to the reaction of rhodanine with aldehydes 

ia Knoevenagel condensation showing nearly quantitative conver- 

ion ( ∼99 %), the AREP route allowed the formation of multicyclic 

tructures, either with cyclic units in the backbone or with side 

yclic chains. 

.7. Radical ring expansion polymerization (RREP) 

Radical polymerization involves a reversible homolytic bond 

leavage, propagation and radical recombination. In 2003, Pan et al. 

230] used the ability of weak C-S to undergo homolytic cleav- 

ge upon 

60 Co irradiation from a cyclic RAFT initiator containing 

wo dithioesters, which triggers the polymerization of methyl acry- 

ate via RREP mechanism ( Fig. 48 ). Benzyl radical initiates the vinyl 

olymerization upon irradiation. Then, the generated radical prop- 

gating chains terminate by coupling with initial sulfur radical to 

orm a macrocyclic structure. The obtained molecular weights were 

elatively low, up to 6 kg/mol and Ð ∼ 1.3. Low temperatures were 

equired to avoid rapid radical diffusion and recombination with 
21 
ther active radicals that could form linear byproducts. By using 

he generated cyclic poly(methyl acrylate) (PMA) as a macroini- 

iator, a triblock cyclic copolymer of NIPAAM-b-PMA-NIPAAM was 

ynthesized demonstrating the versatility of this method. In 2014 

dvincula et al. [231] designed and synthesized a cyclic dixanthate 

ontaining a phenanthroline moiety to be used as RAFT initiator. 

hen, cyclic poly( N- vinylcarbazole)s with M n up to 33 kg/mol and 

∼ 2 were generated via thermally activated RREP. The authors 

ttributed the broad molecular weight distribution to chain trans- 

er caused by the high temperature used (60 °C in this case). 

In 2010, Narumi et al. [232] reported the synthesis of cyclic 

olystyrene by using a cyclic NMP initiator. They synthesized a 

yclic alkoxyamine derivative as NMP initiator that produces active 

adicals by homolysis of a C-ON bond upon heating. This initiator, 

owever, had solubility problems causing that the polymerization 

eaction were carried out in uncommon fluoroalcohol solvents. In a 

econd report [233] , same group synthesized a more soluble cyclic 

MP initiator containing a flexible tetra(oxyethylene) unit for the 

ynthesis of cyclic polystyrene via RREP. These ring structures were 

isualized by AFM identifying not only the formation of macrocy- 

les but also the generation of linear chains and multimers by ring 

usion processes [234] . 

. Applications of REP and RC in the synthesis of cyclic 

iomacromolecules 

.1. Cyclic polypeptides and polypeptoids 

Kricherldorf et al. [235] showed in 2006 that initiation of 

- substituted N- carboxylanhydrides (NCA) by amines (pyridine, 

ertiary amines) conducted to the formation of cyclic polypep- 

oids. They found that the polymerization of sarcosine N- 

arboxyanhydride with pyridine occurred by forming a zwitterion 

n the initiation step followed by chain growth via ZROP ( Fig. 49 )

235] . A large number of studies in this group include the poly- 

erization of N- substituted and N- unsubstituted NCA, as well as 

he use of different amines and solvents [236] . A recent review by 

richerldorf and Weidner addresses the details of this and similar 

olymerization systems [19] . 

Zhang et al. synthesized cyclic poly( α- peptoid)s by means 

f NHC- and amidine-mediated ROP of N- substituted NCAs (R- 

CA, R = butyl and methyl) [ 237 , 238 ]. The first report dates

rom 2009 [237] , where polymerization of butyl-NCA and methyl- 

CA with 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene yielded 

yclic poly( N- substituted glycine)s with M n up to 27 kg/mol and 

arrow polydispersity. Mechanistic investigations on butyl-NCA in- 

icated that polymerization occurs through zwitterionic propagat- 

ng intermediates ( Fig. 50 ), where the solvent and the NHC sig- 

ificantly influence the polymerization rate and the polymer MW 

ontrol [239] . 

The propagating species undergo intramolecular rearrangement 

eleasing CO irreversibly. Prior to monomer addition, the zwitteri- 
2 
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Fig. 48. RAFT-RREP of methyl acrylate initiated by 60 Co irradiation [230] . 

Fig. 49. Zwitterions formed in the polymerization of sarcosine N- carboxyanhydride with pyridine [235] . 

Fig. 50. Synthesis of cyclic poly( α- peptoid)s by NHC-mediated ROP of N- substituted N- carboxylanhydride (R-NCA) [239] . 
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nic propagating species establish rapid equilibria with the spiro- 

yclic propagating species via reversible decarboxylation. To re- 

ease the NHC moiety from the polymer chain and generate NHC- 

ree cyclic poly( α- peptoid)s, the polymer has to be treated with 

aN(TMS) 2 or dithranol [ 237 , 239 ]. In 2016, DBU was investigated 

s an initiator of butyl-NCA, yielding cyclic poly( N- butylglycine) 

f M n up to 32 kg/mol [238] . Other cyclic structures based on 

yclic poly( α- peptoid)s were generated such as amphiphilic di- 

lock copolymers [240] and brush polymers and copolymers [241] . 

n 2020, Bonduelle et al. [242] synthesized cyclic poly( α- peptoid)s 

f M w 

up to 8 kg/mol by ZREP of R-NCA (R = methyl, benzyl and

arbobenzyloxy-aminobutyl) with lithium bis(trimethylsilyl)amide 

LiHMDS). Initiation is assumed to occur by hydrogen abstraction 

rom the R-NCA monomer promoted by the LiHMDS base and sub- 

equent reaction with a second monomer molecule to form active 

witterionic species. 

The polymerization of N- unsubstituted NCAs with imidazolium 

ydrogen carbonate (a precursor of a highly reactive NHC upon the 

elease of H 2 CO 3 at room temperature [243] ) was demonstrated 

o form cyclic polypeptides with M n up to 42.5 kg/mol and Ð ∼
.2 in a controlled manner when the polymerization is performed 

n the absence of amines [244] . In the presence of amines, lin- 

ar polypeptides are obtained. The authors attributed to hydrogen 

ond interactions of amines with NHC to the formation of prop- 

gating chains terminated in ω-amino groups that react with fur- 

her NHC molecules and lead to ROP of the N- unsubstituted NCA. 

n the absence of amines, the free NHC acts as initiator by gener- 

ting the imidazolium carbamate zwitterionic growing chain. Then, 

y intramolecular decarboxylation the cyclic polypeptide is finally 

enerated. 

RC strategies have been of the great importance in the synthe- 

is of cyclic polypeptides due to the advantage of this method to 

ccess to a variety of cyclic structures. As in all RC strategies, the 

uccess or failure of this method relies on the ability of the end 

roups of a linear precursor to become in close proximity before 

yclization. Various strategies for directing macrocyclization have 

een developed and reviewed [245] . Those include internal con- 

ormational elements, where chemical modification of the peptide 

hain is introduced to favor the end proximity (e.g. the introduc- 
22 
ion of turn-inducing elements into the chain), and external con- 

ormational elements (eg. the use of molecular scaffolds). The RC 

trategies include condensation reactions (e.g. amide bond forma- 

ion), CuAAC “click” reactions, Ruthenium-based alkene metathesis, 

nd a variety of organic reactions, catalyzed by transition-metals 

246] , that can be chemoselective [247] , and which have been re- 

ised in excellent reviews [ 245 , 246 , 248 , 249 ]. 

.2. Cyclic oligonucleotides 

Cyclic RNAs and DNAs are generated by RC of linear precur- 

ors via chemical and enzymatic protocols. It is usually found in 

he literature the term “ligation” to refer to the chemical or en- 

ymatic type of reaction in which the two RNA(DNA) ends re- 

ct. Chemical reactions frequently involve the intramolecular for- 

ation of a 3 ′ , 5 ′ -phosphodiester bond, requiring close proxim- 

ty of the 3 ′ - and 5 ′ -terminus of the linear precursor ( Fig. 51 a).

he reaction catalyzed by BrCN or N- (3-dimethylaminopropyl)-N 

′ - 
thylcarbodiimide (EDC) leading to a condensation reaction and 

ubsequent formation of a 3’-5’ phosphodiester bond is commonly 

sed to form cyclic RNA(DNA) [ 250 , 251 ]. Other methods consist 

n the modification of the 3 ′ - or 5 ′ -native terminus into amines, 

zides or alkynes to make use of other chemical reactions such as 

midation [252] , phosphoramidation [251] and CuAAC “click” reac- 

ion [ 253 , 254 ] ( Fig. 51 b-c). 

The particularities in the synthesis of these complex systems, 

hich in many cases involve the protection and deprotection of 

unctional groups, their properties and functions can be found 

n thematic reviews for cyclic RNAs [ 9 , 255 –261 ] and cyclic DNAs

 9 , 259 , 261 , 262 ]. 

. Purification methods of macrocycles 

Most of the synthetic routes to produce cyclic polymers gener- 

tes linear byproducts [ 21 , 263 , 264 ]. Tadpoles can also be formed

 209 , 210 ]. For that reason, removal of non-cyclic impurities is a 

ey concern for synthetic polymer samples. However, separation 

f cyclic chains from non-cyclic byproducts is not always a sim- 

le task. The most common and practical technique for separat- 
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Fig. 51. The formation of (a) phosphodiester, (b) triazole and (c) phosphoramidate bonds by 3’-5’ backbone reactions to generate cyclic oligonucleotides. 

Fig. 52. Purification protocol via “click-scavenging” of cyclic PGPE synthesized by eZREP [210] . 
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Fig. 53. Separation by selective intercalation of linear PEG into (a) graphite oxide 

[ 270 , 271 ] and (b) MOFs. Adapted with permission from [274] . Copyright 2021 John 

Wiley and Sons. 
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ng cyclic from non-cyclic impurities is the preparative GPC, where 

amples can be fractionated based on the retention times. If the 

yclic chains elute at retention times that are long enough com- 

ared to the linear ones, a good separation can be achieved. How- 

ver, in most cases the chromatographic peaks of linear and cyclic 

hains overlap making difficult the separation and compromis- 

ng the cyclic purity. In this sense, a recycling preparative GPC, 

here the sample is reinserted in the columns n 

th times mimick- 

ng a longer separation column, could help in improving separa- 

ion and therefore in generating samples of high topological purity 

 54 , 265 , 266 ]. 

The liquid chromatography at the critical conditions (LCCC) has 

emonstrated to be a very efficient method to purify macrocycles 

267] . Under critical conditions, polymers with the same chemi- 

al composition will elute at the same time independently of their 

olecular weight, whereas polymer chains with the same degree 

f polymerization but with different chemical compositions (e.g., 

nd-group chemistry) will be separated. However, the determina- 

ion of the experimental conditions that efficiently separate the 

istinct topologies can be very tedious since the efficient separa- 

ion for each polymer type depends on a combination of parame- 

ers such as the stationary phase, the mobile phase (usually a sol- 

ent mixture) and temperature. 

The use of purification methods different from HPLC techniques 

re also possible and indeed convenient when preparative GPC or 

CCC are not available. For example, a multigram-scale method 

f purification was reported for cyclic PEG of M n from 2 to 20 

g/mol [130] . This method is based on the oxidation of PEG hy- 

roxyl end groups of linear impurities to carboxyl groups and their 

urther sequestering by using basic ion-exchange resin. Cyclodex- 

rins were also proved to be useful for purifying cyclic PEG chains 

f M n of 600 and 900 g/mol from their linear precursors and 

hain-extended byproducts by using multistep purification proto- 

ols [268] . This method is based on the ability of cyclodextrins to 

orm insoluble inclusion complexes with linear PEG chains, which 

an be separated by centrifugation. 

The click “scavenging” is a facile technique that allows the re- 

oval of azide- or alkyne- functionalized impurities by click reac- 

ion with a solid support followed by filtration [269] . The potential 

f this technique is that it can be used to purify not only macro- 

ycles generated via CuAAC-ring closure methods but by other cy- 

lization techniques like eZREP. Haque et al. [210] used this tech- 

ique to eliminate the byproducts generated by eZREP of glycidyl 
23 
henyl ether with B(C 6 F 5 ) 3 ( Fig. 52 ). In that study, linear and tad-

ole impurities terminated in hydroxyl groups were functional- 

zed with propargyl bromide to generate alkyne terminated chains. 

hen, the alkyne-functionalized non-cyclic impurities were CuAAC- 

lick reacted with an azide-modified resin. Finally, the cyclic prod- 

ct was recovered by filtration. 

Common silica gel column chromatography has been used in 

he purification of cyclic polystyrene generated by intramolecu- 

ar cyclization of α- carboxyl, ω- amino linear precursors [70] . The 

nreacted material and chain extended byproducts terminated in 

mine and carboxyl functionalities are able to interact with silica 

el and being retained while the cyclic product elutes with a rela- 

ively low polar solvent used as mobile phase. 

The use of different porous materials to selectively separate 

yclic from linear architectures has also been investigated ( Fig. 53 ). 

n particular, graphite oxide (GO), a layered 2D material, was used 

n our group as a host to separate linear and cyclic oligomers of 

EG [ 270 , 271 ]. The advantages of using GO in architecture-based 

eparation lie on the simplicity of the method and its scalabil- 

ty to the multigram scale. The selectivity is based on the slower 

ate of intercalation of cyclic oligomers in the interlayer space of 

raphite oxide (typically of about 5.6 Å in Brodie GO) compared to 

heir linear analogs. This slower intercalation kinetics was also ex- 
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Fig. 54. Ratio of the zero shear viscosities of linear and ring polymers as a func- 

tion of the number of entanglements (Z). The black dotted horizontal line sets the 

theoretical value of 2 in the low-Z region. The black continuous line is the best 

fit of the experimental data (slope of 1.2 ± 0.3). The continuous and dashed blue 

lines have slopes of 1.3 and 1.9, respectively (see text for details). Black circles: PEO 

experimental data [283] . Red circles: PI experimental data [283] . Green open cir- 

cle: PS experimental data point [283] . Green filled circles: PS experimental data 

[284] . Black square: PEO experimental data point [285] . Green square: PS experi- 

mental data point [ 283 , 286 ]. Purple diamonds: PEO experimental data [287] . Blue 

triangles: polyethylene (PE) atomistic simulations [288] . Pink circles: MD simula- 

tions on coarse-grained bead–spring chains [289] . Adapted with permission from 

[283] . Copyright 2013 American Chemical Society. 

Fig. 55. Dipolar microstructures of polymer chains with different topologies and 

regicities [ 54 , 90 , 280 , 290 ]. 
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ibited by larger molecular weight cyclic PEO (with M n up to 20 

/mol) suggesting that this method, that was initially proved for 

ligomers, can be extended to higher molecular weight polymers 

272] . Upon intercalation of the linear chains, the GO interlayer is 

xpanded to a value of approximately 9.1 Å, where polymers of 

arge molecular weights are irreversibly trapped due to strong H- 

onding interactions within the interlayer [273] . Uemura, Hosono, 

t al. demonstrated that metal-organic frameworks (MOFs) can be 

sed as a filler of preparative liquid chromatographic columns to 

eparate cyclic from linear PEG chains in gram scale yielding high 

yclic purity based on the same principle of slower insertion rates 

f cyclic polymers in porous materials compared to the linear ones 

274] . The used MOFs had regular one-dimensional nano-channels 

ith an aperture of d = 5.7 Å along the c-axis. 

. Properties of macrocycles 

.1. Physical properties 

Due to their unique topology, macrocyclic polymers differ from 

heir linear analogs in terms of physical properties in solution and 

n the bulk phase. There are excellent reviews that address the 

tructure and dynamics of ring polymers, where comparison be- 

ween literature data from experiments and simulations can be 

ound [ 1 , 275 ]. 

Ring polymers present higher T g values compared to their 

inear analogs in the medium-low molecular weight range as a 

onsequence of the absence of plasticizing end-groups. This ef- 

ect disappears at high molecular weights, where the T g be- 

omes independent of both the molecular weight and the topol- 

gy as the contribution of the end groups vanishes. The molec- 

lar weight dependence of the T g for rings has been found to 

ecrease or increase with decreasing molecular weight, depend- 

ng on the polymer type and the ring purity. For instance, macro- 

yclic poly(dimethylsiloxane) showed increasing T g values with 

ecreasing molecular weight [276] , in agreement with the the- 

retical model of Di Marzio and Guttman [277] . On the con- 

rary, macrocycles of polystyrene [278] , poly(2-vinylpyridine) [278] , 

oly( α-methylstyrene) [278] , poly (2-vinylnaphthalene) [278] , 

oly(phenylmethylsiloxanes) [279] , and poly(glycidyl phenyl ether) 

280] exhibited decreasing T g values with decreasing molecular 

eight. It is also known that, for instance, linear impurities de- 

reases the T g of macrocyclic polystyrene, resulting in a much 

igher molecular weight dependence of the T g respect to that in 

ighly pure macrocyclic polystyrene [281] . The presence of salts 

as been also demonstrated to affect the molecular weight depen- 

ence of the T g as in the case of macrocyclic poly(2-vinylpyridine) 

here in a first study an increase of the T g with decreasing molec- 

lar weight was found, but latter, by reducing the amounts of LiBr 

n the sample, the opposite effect was discovered [282] . 

The melt viscosity of ring polymers is lower than that of lin- 

ar analogs of identical molecular weights at iso-frictional con- 

itions (at the same distance from the glass transition tempera- 

ure, T g ). For unentangled chains, the rings exhibit approximately 

he half of the melt viscosity of linear chains in a range of low 

olecular weights ( ηlinear / ηrings ∼ 2) ( Fig. 54 ) [283] . With the ap-

earance of entanglements, the ratio between the melt viscosity 

f linear chains and rings becomes dependent on the molecular 

eight, with a possible universal behavior showing a dependence 

f ηlinear / ηrings ∼ Z 1.2 . The continuous and dashed blue lines of 

ig. 54 exhibit predicted slopes according to the pure reptation 

odel of linear and loopy globule model of rings (slope 1.3) and 

ube length fluctuations model of linear melts and lattice animal 

odel for melts of rings, respectively (slope 1.9) [283] . These dis- 

repancies remain as an open question [ 1 , 284 ]. 
24 
The dipolar microstructure is a property related to the orien- 

ation of dipole moments along a polymer chain, which is depen- 

ent on how asymmetric monomers are oriented (i.e., regio-order). 

he control over the dipolar microstructure offers the possibility 

o monitor single-chain behavior in an electric field thus provid- 

ng important structural and dynamical information. Broadband di- 

lectric spectroscopy (BDS) is a suitable technique for these pur- 

oses [290] . According to the classification of Stockmayer [291] , 

ype-A polymers are those that present fix dipolar moments of the 

onomeric unit ( μp ) parallel to the main chain backbone. In this 

ase, there is a dipolar moment associated to the main chain 

−→ 

P A = 

p 
−→ 

R N , where 
−→ 

R N is the "end-to-end" vector of the chain ( Fig. 55 ). 

hus, the end-to-end vector fluctuations results in a dielectric re- 

axation usually referred to as normal mode (NM) relaxation. Cyclic 

olymers containing all monomers oriented in the same direc- 

ion (i.e., regio-regular chains) present a zero dipole moment as- 

ociated to the main chain ( 
−→ 

P A = 0 ), whereas cyclic chains com- 

osed by regio-irregular monomer units, or two regio-regular sub- 

hains, will exhibit a non-zero resultant dipole moment ( 
−→ 

P A � = 0 ) 

 Fig. 55 ). Cyclic polymers characterized by 
−→ 

P A = 0 do not present 

M. The NM relaxation is found in linear polymer chains. There- 

ore, the cancellation of the dielectric NM mode in a cyclic poly- 

er synthesized from a linear precursor can be used as a signa- 
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ure of cyclization and cyclic purity. This hypothesis was proved 

n a BDS study in our group of cyclic poly(glycidyl phenyl ether) 

amples synthesized by CuAAC ring-closure of linear regio-regular 

recursors terminated in azide and alkyne groups [90] . In a further 

tudy, cyclic poly(glycidyl phenyl ether) samples were generated 

ia Glaser-coupling ring-closure of linear precursors terminated in 

wo alkyne groups, where the chain was composed of two sym- 

etric regio-regular subchains with an opposite dipole moment 

rientation [54] . The macrocycles displayed a dielectric NM relax- 

tion that reflected the fluctuations of the ring diameter. This im- 

ortant characteristic allowed us to evaluate the macrocyclic chain 

ynamics by BDS resulting in a dipole relaxation of the ring diam- 

ter 1.6 times slower compared to the analogous relaxation in the 

nverted-dipole linear precursor. 

The crystallization kinetics and the morphology of crystals are 

otably affected by the topology. Tezuka et al. [292] found that 

yclic PTHF of M n = 5.1 kg/mol presented slower spherulitic 

rowth rates than the linear analog by polarized light optical mi- 

roscopy (PLOM). They also reported that the melting temperature 

f cyclic PTHF was lower than its linear counterpart and a dis- 

inct spherulite morphology. They attributed those findings to dif- 

erences in the conformational entropy of the chains in the molten 

tate, an adsorption mechanism of the crystal growth front dur- 

ng the secondary nucleation process, or differences in chain fold- 

ng surface energy. Later, Müller et al. [293] found by PLOM that 

yclic PCLs of 2-7 kg/mol generated by an RC strategy exhibited 

uch faster spherulitic growth rates than linear analogs, contrar- 

ly to previous results. They also found by isothermal DSC that the 

verall crystallization rate, which includes contributions from both 

rimary nucleation and crystal growth, was faster for cyclic PCL, 

hich also required higher crystallization temperatures to crystal- 

ize. These results were also confirmed in cyclic PCLs with molecu- 

ar weights above 75 kg/mol generated by nZREP [197] . The faster 

rystallization exhibited by cyclic PCLs were explained on the basis 

f their lower melt viscosity, which causes a greater molecular dif- 

usion with respect to that in the linear chains [293] . Threading ef- 

ects introduced by the presence of linear chains in cyclic polymer 

amples have demonstrated that reduce even more the isothermal 

rystallization rates in cyclic PLCs, reduce the crystallization and 

elting temperatures and the degree of crystallinity due to an in- 

rease of entanglement density and reduction of molecular diffu- 

ion [294] . Floudas et al. [295] studied the crystallization kinet- 

cs of cyclic PEO within the M n range between 2 and 20 kg/mol. 

hey found faster spherulitic growth rates for the cyclic chains 

ompared to the linear ones, as expected from their faster diffu- 

ion and more compact structure, and a distinct lamellar thicken- 

ng process by doubling of the long period. 

Thermostability of bulk cyclic polymers is higher than that 

f their respective lineal analogues, with some data reported in 

he literature [ 164 , 165 , 168 , 228 ]. The differences in the maximum

ecomposition temperature (found in the 1 st derivative of TGA 

urves) can be up to the order of hundred degrees, as in the case 

f poly( γ -butyrolactone)s synthesized with La[N(SiMe 3 ) 2 ] 3 [165] . 

nterestingly, samples containing mixtures of the cyclic and linear 

roducts exhibited two degradation steps with maximum peaks of 

he 1 st derivative curves at the corresponding degradation temper- 

tures of topologically pure cyclic and linear polymers. 

.2. Biological properties 

Synthetic cyclic polymers have been tested in relation to their 

lood circulation time and biodistribution in mice. Szoka et al. 

emonstrated that cyclic PEGylated PCL and cyclic PEGylated PAA 

omb polymers with molecular weights above the renal filtra- 

ion threshold exhibited longer circulation times than their lin- 

ar analogues [ 296 , 297 ]. The explanation to these results seem to
25 
e related to the differences in the reptation mechanism through 

he nanopores between the cyclic and linear chains. Snake-like 

otions are possible for the diffusion of linear chains but not 

or cyclic chains [ 1 , 298 ]. Instead, cyclic chains must diffuse by 

moeba-like motions. These appealing results provide a window of 

pportunity for cyclic polymers as drug carriers or imaging agents. 

Biological functions of cyclic oligonucleotides have been studied 

xtensively over the years, mainly after the first imaging observa- 

ions of cyclic DNA strands [ 299 –302 ]. To cite some of these func-

ions: cyclic oligonucleotides can act as efficient hosts for molecu- 

ar recognition; circular DNA oligomers can bind strongly and se- 

uence specifically to single strands of DNA and RNA by forming 

riple helical complexes; cyclic RNAs are less prone to degradation 

n cells than linear RNAs since they are protected from exoribonu- 

lease activity; and cyclic RNAs can function as a sponge for a par- 

icular miniRNA altering gene expression [303] . 

. Applications of macrocycles 

The use of macrocyclic polymers in industrial applications is 

ainly limited by the amounts of product that can be gen- 

rated. However, lab-scale experiments have demonstrated the 

reat potential of cyclic polymers in the fields of biomedicine 

302] and advanced (bio)materials [ 3 , 6 , 20 , 23 ]. Other less explored

elds for cyclic polymers are packaging [304] , semiconductors 

 305 , 306 ], dielectric capacitors [307] , circularly-polarized lumines- 

ence [308] and artificial light harvesting materials [309] . Micelles 

ormed from cyclic block copolymers containing hydrophilic and 

ydrophobic blocks have been explored as drug carriers due to 

heir topology-enhanced performance (micelle stability, drug load 

apacity and degradation rate). Their structure-property relation- 

hip has been reviewed elsewhere [ 6 , 20 , 23 , 310 ]. Other cyclic struc-

ures such as the “sunflower” copolymers composed by a macrocy- 

le core decorated with brushes or “petals” have also been applied 

or targeted drug delivery systems [311] . 

Surface modification with ring polymers is a recent attractive 

ubject given the possibilities of the rings to lubricate the sur- 

aces and prevent the adhesion of proteins more efficiently than 

inear polymers [ 312 –318 ]. In this field, the work developed by 

enetti ́s group has been crucial in demonstrating the superior sur- 

ace properties of macrocyclic poly(2-alkyl-2-oxazoline)s (C-PAOx)s 

rafted onto metal oxide surfaces (TiO 2 and Fe 3 O 4 ) [ 313 –317 ], car-

ilage [312] and poly(glycidyl methacrylate) [318] compared to lin- 

ar analogs. The enhanced properties of C-PAOx-grafted surfaces, 

hich include friction, lubrication and antifouling when exposed to 

ull human serum, fibrinogen and albumin, are correlated with the 

bsence of chain ends preventing interchain entanglements and 

ncreased grafting density compared to linear brushes. Fig. 56 a-c 

how an example of superlubrication properties of a TiO 2 surface 

odified with cyclic poly(2-ethyl-2-oxazoline) (C-PEOXA). 

In our group, we have studied the behavior of flat gold sur- 

aces and gold nanoparticles (AuNPs) chemically grafted with cyclic 

EO (CPEO) brushes ( Fig. 56 d-e). The surface wettability presented 

lear topological effects exhibiting higher contact angles the sur- 

aces modified with CPEO than with the linear analog (LPEO), a re- 

ult that is likely attributed to the lack of chain ends migrating to 

he surface [175] and the more rigid structure of the loops com- 

ared to the linear ones [319] . Moreover, we demonstrated that 

PEO can be used as an alternative of classical LPEG ligands for 

uNP stabilization showing different colloidal behavior when sub- 

ected to external stimuli like temperature and salt in aqueous so- 

utions [4] . The differences found between CPEO brushes and their 

inear analogs can be attributed to the fact that cyclic brushes 

ave to accommodate in less space near the surface than the lin- 

ar chains, thus, causing increased concentration of polymer seg- 

ents near the surface. As a result, the cyclic chains are forced 
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Fig. 56. Left: (a) Friction- vs .-applied load (FL) profiles recorded by colloidal-probe lateral force microscopy shearing PEOXA brush-functionalized colloids against PEOXA 

brushes on flat substrates. (b) At relatively low applied loads both linear-versus-linear and cyclic-versus-cyclic brush tribo-pairs show low friction; (c) above 30 nN of applied 

force, interdigitation between two linear brush-bearing surfaces causes a steady increase of friction, whereas cyclic brushes do not interact due to the absence of chain ends 

and maintain low friction. Adapted with permission from [314] . Copyright 2016 John Wiley and Sons. Right: (d) Contact angle (CA) measurements with water droplets of flat 

gold surface modified with LPEO and CPEO. (e) Colloidal stability at -25 °C in ethanol of AuNPs modified with LPEO and CPEO. 

Fig. 57. Left: Synthesis of cyclic and linear PACOE to form cross-linked networks upon the addition of 1-hexanediol and UV irradiation. Right: Ideal network structural units 

are shown to highlight the most important features in each system. The top two systems correspond to low C 0 for linear PACOE (A) and cyclic PACOE (B), whereas the 

bottom two panels correspond to high C 0 for linear PACOE (C) and cyclic PACOE (D).Adapted with permission from [5] . Copyright 2011 American Chemical Society. 
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o stretch more than the linear chains. In ethanol, AuNPs modified 

ith LPEO suffer from reversible phase separation upon tempera- 

ure drop over the course of few hours [320] . However, the use of

 polymer brush with cyclic topology as stabilizer prevents sedi- 

entation, ensuring the colloidal stability in ethanol at -25 °C for, 

t least, several months. We postulated that temperature-driven 

ollapse of chain brushes promotes the interpenetration of linear 

hains, causing progressive AuNPs sedimentation, a process that is 

nfavorable for cyclic polymer brushes whose topology prevents 

hain interpenetration. 

A study on CPEO chains physisorbed on AuNPs (containing orig- 

nal sodium citrate) also demonstrated different stability compared 

ith physisorbed and chemisorbed linear PEO (LPEO) against heat- 

ng, freezing and salt addition [321] . In those cases, the cyclic 

opology provided higher colloidal stability, likely due to a stronger 

urface adsorption of cycles, as suggested by the authors [321] , 

ased on previous works on the adsorption of cyclic PEO on silica 

anoparticles of 25 nm of diameter [322] and other experimental 

nd computational studies. 

Polymer networks based on cyclic polymers are another class of 

aterials with potential applications in drug delivery systems and 

mart materials [323] . These were first developed in 2011 by Tew 

t al. [5] , who synthesized cyclic poly(5-acetoxy-1-cyclooctene) (C- 
26 
ACOE) with M n > 200 kg/mol using REMP ( Fig. 57 ). The dou-

le bonds of the chain were subsequently crosslinked with 1- 

exanethiol under UV irradiation. With increasing initial polymer 

oncentration (C 0 ), the gel fraction, swelling ratio and modulus in- 

reased simultaneously for cyclic polymer-based gels in contrast 

o linear analogs, which showed an inverse relationship of gel 

raction and modulus (increasing values) with the swelling ratio 

decreasing value). These differences can be associated to dissim- 

larities in the intermolecular and intramolecular crosslinks be- 

ween the cyclic and linear topologies at low and high C 0 . The 

esh size of a crosslinked network formed by linear chains is 

lassically reduced at higher C 0 due to an increase of the inter- 

olecular reactions. However, the mesh size of the cyclic poly- 

ers remains higher at higher C 0 since the intermolecular re- 

ctions favors the expansion of the ring introducing more space 

n the network. The increased modulus in cyclic polymer-based 

els respect to the linear analog was further confirmed in phys- 

cally crosslinked networks based on cyclic diblock copolypep- 

oids composed by poly( N- methyl-glycine)-b-poly( N- decyl-glycine) 

324] . The gels consist of a thermo-reversible network formed by 

rystalline fibrils cross-linked by dynamic entanglements. Other 

xample of cyclic polymer-based networks with increased modulus 

s that generated by cyclic chains containing azobenzene moieties 
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ith M n of 10-22 kg/mol chemically crosslinked by using boronic 

cid/diol chemistry [325] . 

Cyclic peptides have been found important applications as ther- 

peutic agents with antimicrobial, anti-inflammatory, antitumor, 

ntiviral, and antifungal activities [248] . Some examples of cyclic 

eptide antiobiotics include the gramicidin S, daptomycin, cy- 

losporine, teixobactin, and malacidin [248] . Non-peptidic main- 

hain formed by a flexible thioether backbone was found to display 

ntimicrobial activity [326] . The macrocyclic oligothioetheramides 

oligoTEAs) were synthesized by an acid-catalyzed cascade reac- 

ion allowing the incorporation of guanidinum functionalities as 

endant groups. The antimicrobial activity was studied on Gram- 

egative ( Escherichia coli ) and Gram-positive ( Bacillus subtilis ) bac- 

eria finding higher activity against the latter. In general, the 

acrocycles with smaller ring sized performed better than their 

arger-ring analogues. Moreover, by substituting specific groups in 

he backbone (more hydrophilic or more hydrophobic) a better 

ontrol over the selectivity was achieved. A comparison of antimi- 

robial activity between a medium-sized macrocycle and its linear 

nalog found higher activity in the macrocycle but similar selectiv- 

ty and activity in small sized macrocycles. These results highlight 

he importance of the overall macromolecular structure (backbone 

nd side chain composition, topology and sequence) to achieve de- 

ired results in biological activity as well as highlight the difficul- 

ies encountered in design/synthesis/property relationships. 

. Conclusions 

Today, there exist a vast collection of synthetic methods for pro- 

ucing a variety of cyclic polymers. This collection has been ex- 

anded over the years, in part associated with the evolution of 

nnovative advances in organic synthesis and catalysis, creating a 

ariety of pathways to cyclization of preformed chains through 

ing-closure strategies and ring-expansion polymerization of vari- 

us monomers. The advent of "click" chemistry and the sophistica- 

ion of coupling techniques greatly increased the possibility of ring 

ormation by reaction of a wide variety of functional groups. In 

articular, metal-free and light-assisted techniques have provided 

ignificant advantages in this field. However, the progress of cyclic 

olymers is still limited by some milestones that continue to be 

he most complicated to address in the synthesis of these struc- 

ures. These are large-scale production, molecular weight scalabil- 

ty and topological purity. The potential utility of cyclic polymers in 

he biomedical and pharmacological fields, surface chemistry, and 

lastic and electronic industry, represents an opportunity to de- 

ign, develop and implement synthesis and purification protocols 

hat overcome these problems. Undoubtedly, future efforts should 

ocus on simple production methods, capable of producing well- 

efined cyclic polymers with high mass recovery. 
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