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ABSTRACT: This work reports a facile and versatile ring-opening metathesis polymerization of three- 

and four-armed star-shaped poly(ε-caprolactone) (PCL) macromonomers bearing a norbornenyl group 

at each chain-end using diluted Grubbs’ third-generation catalyst to obtain graft polymers (GPs) 

comprising densely arrayed three- and four-armed cage-shaped grafted PCLs (GPCLs) with narrow 

dispersity (1.19–1.35) and controllable number of cage repeating units up to 40 (molecular weight: 

~320,000 g mol−1). The GPCLs were characterized using nuclear magnetic resonance spectroscopy, 

size exclusion chromatography, and matrix-assisted laser desorption/ionization-time of flight mass 

spectrometry. The cyclopolymerization proceeded via repetitive rapid intramolecular reactions to form 

cage-shaped units followed by slow intermolecular propagation. This synthesis was applicable to star-

shaped poly(L-lactide), poly(trimethylene carbonate), and poly(ethylene glycol). Investigating the 

structure–property relationships between crystallization behavior, hydrodynamic diameter, and 

viscosity revealed that cage-shaped topological side-chains reduced the chain dimensions and mobility 

compared to their linear and cyclic counterparts.  
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Introduction 

Polymer chain topology is one of the important structural variables for designing polymeric materials 

possessing sophisticated functions.1 The cyclic topology has attracted particular interest owing to its 

higher density,2 smaller hydrodynamic volume,3 and superior optical properties4 compared to its linear 

counterparts having the same composition and molecular weight, which stems from the lack of chain-

ends. Advances in polymer chemistry have made it possible to synthesize not only monocyclic 

polymers but also polymers possessing complicated cyclic topologies. Consequently, experimental and 

theoretical studies on how these intriguing topologies affect the properties and functions of the 

polymers have recently attracted considerable interest.5–8 

As a result, significant efforts have been devoted to the development of functional materials and 

interfaces by integrating cyclic polymer chains. Examples include viscoelastically augmented gels 

prepared by chemical crosslinking of a cyclic polymer9 and thermostable micelles formed by the self-

assembly of cyclic block copolymers.10 Cyclic-chain grafting onto diverse surfaces or interfaces, such 

as bulk metals,11–14 metal nanoparticles,15,16 and damaged cartilage17,18, have been discovered as highly 

efficient means to improve the colloidal stability of metallic nanoparticles and enhance the bioinertness 

and lubricating properties of biomaterials. The Benetti group has demonstrated that graft polymers (i.e., 

bottlebrush polymer) fabricated using macrocyclic poly(2-alkyl-2-oxazoline) side-chains can be used 

as surface modifiers to impart biomaterials with superior lubricating abilities and antifouling natures.19 

These intriguing properties arise from the suppressed chain entanglement in cyclic polymers, which is 
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further enhanced by the denser packing of the polymer chains due to the graft-polymer-like architecture. 

Therefore, it is of particular interest to synthesize unique graft polymers (GPs) carrying various cyclic 

topological polymer side-chains possessing tunable grafting densities, which could further expand 

their potential applications as surface modifiers. The cage-shaped topology is particularly interesting 

for functional surface/interface applications because of its diminished chain entanglement and 

molecular dimensions compared to its monocyclic counterparts. In addition, the three-dimensional 

structure of the cage-shaped framework may serve as a platform for novel supramolecular 

nanomaterial applications, as inspired by cryptands.20 Therefore, graft polymers with densely arrayed 

cage-shaped side-chains (cage-GPs, Figure 1) are intriguing synthetic targets. 
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Figure 1. Schematic of cyclopolymerization strategies for constructing architecturally unique 

polymers. (a) Cyclopolymerization of linear bifunctional macromonomers to produce cyclic GPs (c-

GPs). (b) Cascade polymerization of multifunctional monomers to produce corresponding 

cyclopolymers having small rings. (c) Cyclopolymerization of norbornenyl-end-functionalized star-

shaped macromonomers to synthesize cage-GPs. 

 

 Generally, graft polymers can be synthesized by three different methods21: (i) grafting from, 

(ii) grafting onto, and (iii) grafting through. Approach (i) is applicable solely to the synthesis of graft 

polymers possessing linear side-chains and is therefore impossible to apply to cage-GP synthesis. 

Approach (ii) may be applied to the construction of cage-GPs by grafting a separately prepared cage-

shaped macromolecule onto a reactive polymer backbone. This is probably feasible because some 

researchers have reported the synthesis of GPs possessing monocyclic side-chains (c-GPs) by the 

grafting onto method.19,22–24 However, the necessity of preparing cage-shaped macromolecules 
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containing a reactive functional group is a major hurdle in the way of realizing this approach. 

Furthermore, this strategy inherently produces poorly-defined cage-GPs because the quantitative 

grafting of bulky polymeric chains is challenging. Approach (iii) is advantageous over the other two 

approaches in its ability to precisely construct well-defined cage-GPs. However, this approach also 

requires the preparation of cage-shaped macromonomers. 

We recently established a robust synthetic pathway to c-GPs without using cyclic macromonomers. 

The cyclopolymerization of α,ω-norbornenyl-functionalized bifunctional linear macromonomers 

produces well-defined multicyclic polymers through ring-opening metathesis polymerization (ROMP) 

using Grubbs’ third generation catalyst (G3) (Figure 1a).25,26 The cyclopolymerization is facilitated by 

the significantly quicker intramolecular cyclization compared to the intermolecular propagation under 

highly diluted conditions. We envisioned that extending this approach would directly yield the 

corresponding cage-GPs from star-shaped macromonomers containing polymerizable groups at each 

chain-end. A few examples of the cascade cyclopolymerization of specially designed multifunctional 

monomers (e.g., trivinyl,27 tetrayne,28 and triepoxide29) have been reported previously (Figure 1b). 

However, such multifunctional monomers all have a low molecular degree of freedom. Consequently, 

they exclusively produce small-ringed cyclopolymers (up to 14-membered rings27). Therefore, the 

establishment of the cyclopolymerization of star-shaped macromonomers to construct a large 

topological unit is of significant fundamental interest. Furthermore, generating mechanistic insights 

into cyclopolymerization may provide elementary yet crucial knowledge to expand the ROMP-based 
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syntheses of a variety of architecturally complex macromolecules. Herein, we report a facile and 

versatile synthesis of graft polymers carrying three- and four-armed cage-shaped polymer side-chains 

through the cyclopolymerization of three- and four-armed star-shaped macromonomers, respectively, 

that bear a norbornenyl group at each chain-end (Figure 1c). As a model polymer, poly(ε-caprolactone) 

(PCL) was employed due to its ease of preparation using diphenyl phosphate as a catalyst with 

sufficient chain-end fidelity and narrow dispersity (Ɖ < 1.1).30 Employing this synthetic approach, we 

have successfully synthesized a series of cage-GPs containing different numbers of cage-shaped 

grafted PCL units (cage-GPCLs), together with GPCLs containing linear and cyclic side-chains as 

reference samples, which facilitated a systematic study on the structure-property relationships (i.e., 

melting temperature, crystallinity, viscosity, and hydrodynamic diameter) of topological GPCLs in the 

bulk as well as solution states. Additionally, the versatility of the proposed synthetic approach was 

further confirmed by applying it to other macromonomers consisting of poly(trimethylene carbonate), 

polylactide, and poly(ethylene oxide). 
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Results and Discussion 

Cyclopolymerization of three-armed star-shaped macromonomer. To produce the GPCL with 

three-armed cage-shaped side-chains (cage3-GPCL), we initially prepared a three-armed star-shaped 

macromonomer (s-(PCL-NB)3; number-average molecular weight (Mn) estimated by proton nuclear 

magnetic resonance spectroscopy (1H NMR) (Mn,NMR) = 5200 g mol−1, Mn estimated by size exclusion 

chromatography (SEC) equipped with a refractive index detector using PSt standards (Mn,SEC) = 8000 

g mol−1, Ɖ = 1.10) following the procedure reported in our previous paper (Scheme 1a).31 Note that 

each PCL arm of the macromonomers was designed to have a number-average molecular weight of 

approximately 1500 g mol−1 throughout this paper regardless of the number of arms. Also, the perfect 

functionality (>99%) of end-norbornenyl group in the star macromonomer was ensured by 1H NMR 

analysis (Figure S1), by which the signal due to the methylene adjacent to the hydroxy end group (3.6 

ppm) completely disappeared after the treatment with exo-5-norbornene carboxylic acid. Subsequently, 

the cyclopolymerization of s-(PCL-NB)3 was performed in CH2Cl2 by adding G3 stock solution to the 

macromonomer solution at a [s-(PCL-NB)3]0/[G3]0 = 5/1 (Table 1; see SI for synthetic details). 

Assuming the living polymerization nature of G3-mediated ROMP,26 this should produce a GPCL 

containing five cage units on average if the cyclopolymerization proceeds in an accurately controlled 

manner. To realize an accurately controlled cyclopolymerization system, it is necessary to find an 

optimized reaction condition in which intramolecular cyclization takes place significantly more rapidly 

than intermolecular propagation. An insufficient difference in the reaction rates of the two elementary 
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competitive reactions causes dangling chain formation, which in turn induces intermolecular 

crosslinking, finally leading to gelation. We initially examined the effect of macromonomer 

concentration ([s-(PCL-NB)3]0). At [s-(PCL-NB)3]0 = 5.0 mM, gelation occurred upon the addition of 

the G3 solution, suggesting competition between the intramolecular cyclization and intermolecular 

propagation, leading to significant intermolecular crosslinking. To selectively promote the 

intramolecular cyclization, the macromonomer was diluted further ([s-(PCL-NB)3]0 = 1.0 and 0.1 mM). 

Even at [s-(PCL-NB)3]0 = 1.0 mM, SEC analysis revealed a broad multimodal peak over the high-

molecular region at a polymerization time of 30 min, and continuing the polymerization resulted in an 

insoluble product (Figure S2). In contrast, the reaction at [s-(PCL-NB)3]0 = 0.1 mM produced a soluble 

product. The SEC trace of the product clearly shifted to a higher molecular region (Mn,SEC = 26200 g 

mol−1, Ɖ = 1.20) compared to that of the macromonomer (Mn,SEC = 8000 g mol−1, Ɖ = 1.10), while 

retaining the monomodal peak shape (Figure 2a). This indicated that the intramolecular cyclization 

proceeded much more rapidly than intermolecular propagation under such highly diluted conditions. 
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Scheme 1. Synthesis of topological graft PCLs containing (a) three- and (b) four-armed cage-shaped 

side-chains via the cyclopolymerizations of the corresponding star-shaped PCLs containing a 

norbornenyl group at each chain-end. 
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Table 1. Molecular characterization of graft polymers containing cagex-shaped (x = 3 and 4) side-

chains (cagex-GPCLs (x = 3 and 4), respectively)a 

a Polymerization conditions: temperature, r.t.; atmosphere, Ar; solvent, CH2Cl2. b Determined by SEC 

in tetrahydrofuran (THF) using PSt as the standard. c Determined by triple-detection SEC equipped 

with multiangle light scattering, viscosity, and refractive index detectors (SEC-MALS-Visco) in THF. 
d The number of cage repeating units in the obtained GPCLs was estimated as (Mn,MALS of 

GPCL)/(Mn,NMR of MM). 

 

Sample MM 
[MM]0/ 

[G3]0 

[MM]0 

(mol L−1) 

time 

(min) 

Mn,SEC
 b 

(g mol−1) 

Mn,MALS
 c 

(g mol−1) 
Đ b 

number 

of graft 

units d 

cage3-

GPCL 

s-(PCL-NB)3  

(Mn,NMR = 

5,200) 

5/1 0.10 30 26,200 42,900 1.20 8.3 

10/1 0.10 40 34,200 69,800 1.33 13.4 

20/1 0.20 90 58,800 118,000 1.21 22.7 

40/1 0.30 90 135,500 303,000 1.35 58.3 

cage4-

GPCL 

s-(PCL-NB)4  

(Mn,NMR = 

6,000) 

3.75/1 0.20 90 24,000 40,200 1.27 6.7 

7.5/1 0.20 90 28,000 53,400 1.27 8.9 

15/1 0.30 150 44,400 95,200 1.30 15.9 
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Figure 2. Structural analysis of graft polymers containing three-armed cage-shaped PCL side-chains 

(cage3-GPCLs) prepared by cyclopolymerization using G3. (a) SEC traces of the three-armed star-

shaped macromonomer (MM, namely s-(PCL-NB)3; Mn,NMR = 5,200 g mol−1, Mn,SEC = 8,000 g mol−1, 

Ɖ = 1.10; dotted line) and the cage3-GPCLs obtained at [MM]0/[G3]0 = 5 (purple), 10 (blue), 20 (green), 

and 40 (red) in THF. The shoulder peak that appeared in the SEC traces of the product obtained at 

[MM]0/[G3]0 = 40 is due to the exclusion limit of the column (see Figure S4). (b) 1H NMR spectra of 

s-(PCL-NB)3 (upper) and cage3-GPCL prepared at [MM]0/[G3]0 = 5 (lower) in CDCl3 (400 MHz). (c) 
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matrix-assisted laser desorption/ionization-time of flight mass spectrometric analysis of cage3-GPCL 

(Mn,SEC = 12,000 g mol−1, Ɖ = 1.17). 

 

 

To prove that the polymerization of the multifunctional macromonomer proceeded via the expected 

cyclopolymerization mechanism, the as-obtained product was characterized by SEC equipped with 

multiangle light scattering and viscosity detectors (SEC-MALS-Visco), 1H NMR, and matrix-assisted 

laser desorption/ionization-time of flight mass spectrometry (MALDI-TOF MS). The absolute 

number-average molecular weight determined by SEC-MALS-Visco (Mn,MALS) in THF was 42900 g 

mol−1, and the average number of repeating cage units was calculated to be 8.3, which is slightly higher 

than the theoretical value (5.0). In the 1H NMR spectrum, the signals corresponding to the exo-

norbornenyl group completely disappeared following the reaction, indicating that the ROMP 

proceeded quantitatively (Figure 1b). Combined with the fact that no multimerized product was found 

through SEC, this proves the absence of a dangling chain in the resulting GPCL. Although MALDI-

TOF MS analysis can provide finer structural details, acquiring the spectrum from high-molecular-

weight polymers is quite challenging. To overcome this difficulty, we separately prepared a low-

molecular-weight sample (Mn,SEC = 12000 g mol−1, Ɖ = 1.17) by cyclopolymerizing the 

macromonomer (Mn,NMR = 4100 g mol−1, Mn,SEC = 6300 g mol−1, Ɖ = 1.05) at [s-(PCL-NB)3]0/[G3]0 = 

3. As shown in Figure 1c, the MALDI-TOF MS spectrum of the product exhibited a series of periodic 
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peaks having a regular interval of 114.30 Da, which is in good agreement with the mass of the ε-CL 

repeating unit. Crucially, we found two populations of molecular weight distribution, one of which 

was observed between the m/z values of 5000 and 9000 whereas the other was observed between the 

m/z values of 9000 and 12000. The peaks appearing in the lower molecular weight population were 

assigned to the desired GPCL containing two cage units; for example, the peak denoted by ● at m/z = 

7617.31 closely matches the calculated mass for the dimer containing 57 ε-CL repeating units ([M + 

Na]+ = 7617.47). In contrast, the peaks appearing in the higher molecular weight population were 

assigned to the GPCL containing three cage units; for example, the peak denoted by ■ at m/z = 10620.7 

closely matches the calculated mass for the trimer containing 79 ε-CL repeating units ([M + Na]+ = 

10621.4). No peaks attributable to possible multiple G3 adducts (such as two G3 adducts; [M + Na] + 

= 7721.64, n = 57; Chart S1) were found, suggesting that the cyclopolymerization was initiated from 

a single G3 molecule to produce cage3-GPCL possessing the expected chemical structure that lacks a 

dangling chain.  

Since the cyclopolymerization of the trifunctional star-shaped macromonomer was performed in an 

accurately controlled manner to produce the desired cage-GPCL, the number of norbornenyl units in 

the polynorbornene backbone is expected to be an integral multiple of three. Based on this hypothesis, 

we envisioned that MALDI-TOF MS analysis of the polynorbornene backbone would provide direct 

proof of the expected cyclopolymerization mechanism. Accordingly, the cage3-GPCL (Mn,SEC = 

28,600 g mol−1, Ɖ = 1.16; prepared by cyclopolymerization at [s-(PCL-NB)3]0/[G3]0 = 10) was 
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subjected to methanolysis using sodium methoxide to selectively remove the PCL side-chain (see SI 

for the synthetic details). The MALDI-TOF MS spectrum of the methanolysis product exhibited a 

series of peaks that were assigned to poly(methyl norbornenecarboxylate)s consisting of 9, 12, 15, 18, 

and 21 repeating units (Figure S3). In addition, its regular peak interval (455.31 Da) was consistent 

with a trimer composed of methyl norbornenecarboxylate as the repeating unit (calculated mass = 

456.25 Da). This result strongly supported the hypothesis that the desired cage-GPCL was precisely 

synthesized through a controlled cyclopolymerization in which intramolecular cyclization proceeded 

preferentially over intermolecular propagation. Overall, these structural characterizations confirm that 

star-shaped macromonomers are cyclopolymerized to produce GPCLs having cage-shaped topological 

side-chains (i.e., cage3-GPCL). 

One might expect that the undesired reactions could occur to produce the uncyclized by-products 

during the cyclopolymerization of s-(PCL-NB)3, as shown in Figure S5a. However, our detailed 

structural characterization of the cage3-GPs suggested that such undesired reactions hardly occur. First 

of all, 1H NMR of the products confirmed no unreacted norbornenyl group. Given that the by-products 

(i) – (iii) with dangling chains (Figure S5a) must possess unreacted norbornenyl groups, the 1H NMR 

results can exclude the occurrence of those by-products. Moreover, MALDI-TOF MS analysis of 

cage3-GP shown in Figure 2 revealed that all the peaks were assignable to the expected chemical 

structures with the different number of PCL units. The by-products (iii) – (v) in Figure S5a are 

produced only when two or more G3 additions occurred. Since such multiple adducts possess one or 
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more extra G3-derived benzylidene units, those by-products can be distinguished from cage3-GP by 

MALDI-TOF MS (Figure S5b,c). As mentioned before, no peak corresponding to such by-products 

was found in the spectra, confirming their negligibly small population. Another important evidence of 

successful cyclopolymerization is that no gelation occurred during the cyclopolymerizations. Given 

that the dangling chains exist in the products, this causes gelation through intermolecular propagation. 

No gelation occurred strongly supports that virtually no dangling chain formed and all the norbornenyl 

groups consumed for the cyclic repeating unit formations. These solid pieces of evidence proved that 

the cyclopolymerization of s-(PCL-NB)3 produces the corresponding well-defined cage3-GPs. 

It has been reported that even a trace amount (˜0.1 wt%) of the linear contaminant in cyclic polymer 

affects the morphological and rheological properties.32 Therefore, well-defined and highly pure 

samples are essential to accurately establish the structure-properties relationships. In this regard, our 

characterization demonstrated the well-controlled synthesis of cage-GPs; however, detecting such a 

small population of structural defects and impurities is challenging. While an in-depth analysis of 

possible structural defects in the cage-GPs is outside the scope of this study, cutting-edge separation 

methods (such as liquid chromatography at critical conditions and temperature gradient interaction 

chromatography)33,34 could facilitate not only quantifying the multicyclic polymer purity but also 

removing possible by-products. 

To further examine the controllability of the side-chain topology (i.e., cage4-GPCL), the four-armed 

star-shaped macromonomer (s-(PCL-NB)4; Mn,NMR = 6000 g mol−1, Mn,SEC = 9900 g mol−1, Ɖ = 1.05) 
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was subjected to cyclopolymerization (Scheme 1b). For a reasonable comparison to the cage3-GPCLs, 

the molecular weight of the PCL arm of s-(PCL-NB)4 was fixed at ~1500 g mol−1. Note that the perfect 

functionality of end-norbornenyl group in the s-(PCL-NB)4 was also confirmed by 1H NMR in similar 

manner as s-(PCL-NB)3 (Figure S6). Under the established conditions, the cyclopolymerization of s-

(PCL-NB)4 ([s-(PCL-NB)3]0/[G3]0 = 3.75/1) yielded a soluble product, demonstrating that the 

undesired intermolecular crosslinking was sufficiently suppressed even with the tetrafunctional 

macromonomer (Table 1). Indeed, the SEC trace of the product clearly shifted to a higher molecular 

region (Mn,SEC = 24000 g mol−1, Ɖ = 1.27) compared to that of s-(PCL-NB)4 (Mn,SEC = 9900 g mol−1, 

Ɖ = 1.05), while retaining the monomodal peak (Figure S7). Furthermore, the 1H NMR analysis of the 

product revealed the quantitative consumption of the norbornenyl groups (Figure S8). The number of 

four-armed cage-shaped units was determined to be 6.7 from its Mn,MALS. These results support that 

this synthetic strategy can be applied to tetrafuctional macromonomers to produce cage4-GPCLs 

containing four-armed cage-shaped side-chains. 

The established cyclopolymerization system permitted reliable control over the total molecular 

weight of cage3- and cage4-GPCLs in the range of ca. 40200–303000 g mol−1 in Mn,MALS by varying 

the [macromonomer]0/[G3]0 ratio (Table 1). Although the cyclopolymerizations performed at elevated 

values of [macromonomer]0/[G3]0 (i.e., [s-(PCL-NB)3]0/[G3]0 = 20) did not complete at 

[macromonomer]0 = 0.10 mM, dosing slightly higher concentrations ([macromonomer]0 = 0.20–0.30 
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mM) permitted quantitative polymerization. The maximum number of cage-shaped units was 58.3, 

which was obtained at [s-(PCL-NB)3]0/[G3]0 = 40/1.  

 

Kinetic study. To gain mechanistic insights into the cyclopolymerization of star-shaped 

macromonomers, we performed a kinetic study by monitoring the macromonomer conversion using 

SEC. With this objective, we investigated the (cyclo)polymerizations of not only s-(PCL-NB)3 and s-

(PCL-NB)4, but also those of monofunctional (PCL-NB; Mn,NMR = 2040 g mol−1, Mn,SEC = 2970 g mol−1, 

Ɖ = 1.12) and bifunctional (NB-PCL-NB; Mn,NMR = 3200 g mol−1, Mn,SEC = 5600 g mol−1, Ɖ = 1.08) 

macromonomers to comprehensively understand the arm-number-dependent polymerization 

properties. The molecular weight of each macromonomer was fixed at ~1500 g mol−1 to ensure a fair 

comparison. The (cyclo)polymerization of each macromonomer was conducted at [norbornenyl 

group]0/[G3]0 = 15/1 (i.e., [NB-PCL-NB]0/[G3]0 = 7.5/1, [s-(PCL-NB)3]0/[G3]0 = 5/1, and [s-(PCL-

NB)4]0/[G3]0 = 3.75/1) at [macromonomer]0 = 0.2 mM. As shown in Figure 3a, the time-conversion 

plots showed that s-(PCL-NB)3 reached complete conversion in 10 min (red plots), whereas complete 

conversion was observed at 30–50 min for PCL-NB and NB-PCL-NB (black and blue plots, 

respectively). The cyclopolymerization of s-(PCL-NB)4 proved to be the quickest (~8 min, green plots) 

among the four macromonomers. These polymerizations followed first-order kinetics, exhibiting a 

distinctive feature of living/controlled polymerizations (Figure 3b). More importantly, the observed 

trend clearly indicates that the rate of cyclopolymerization increases with decreasing number of 
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intermolecular propagation reactions. Once the propagating chain-end (or G3 initiator) reacts to the 

macromonomer, the intramolecular consecutive cyclization takes place significantly more rapidly than 

intermolecular propagation. Therefore, intermolecular propagation is the rate-determining step of the 

cyclopolymerization. The cyclopolymerization mechanism is illustrated in Figure 3c. The initiating 

step involves the addition of G3 to the norbornenyl group on the macromonomer followed by the rapid 

intramolecular consecutive cyclization that forms a cage-shaped unit bearing an active Ru carbene. 

Due to the high dilution, the addition of the active Ru carbene to the adjacent macromonomer occurs 

quite slowly compared to the intramolecular reaction. Therefore, possible side reactions, such as the 

addition of multiple G3 molecules, dangling chain formation, and crosslinking reactions, are strongly 

suppressed, thereby producing well-defined cage-GPCLs. 
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Figure 3. (a,b) Kinetic analyses of the (cyclo)polymerizations of PCL-NB, NB-PCL-NB, s-(PCL-NB)3, 

and s-(PCL-NB)4 ([PCL-NB]0/[G3]0 = 15/1; [NB-PCL-NB]0/[G3]0 = 7.5/1; [s-(PCL-NB)3]0/[G3]0 = 

5/1; [s-(PCL-NB)4]0/[G3]0 = 3.75/1; [MM]0 = 0.2 mM). (c) Proposed mechanism for the 

cyclopolymerization of three-armed star-shaped macromonomers to produce a well-defined cage3-

GPCL under a diluted condition. 

 

Range of applicability to macromonomers. Thereafter, we applied this strategy to diverse polymer 

species to confirm its synthetic versatility. We performed the cyclopolymerization of a variety of 
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norbornenyl-end-functionalized star-shaped macromonomers, such as three- and four-armed star-

shaped poly(L-lactide)s (s-(PLLA-NB)3 and s-(PLLA-NB)4, respectively), three-armed star-shaped 

poly(trimethylene carbonate) (s-(PTMC-NB)3), and four-armed star-shaped poly(ethylene glycol) (s-

(PEG-NB)4) having a Mn,NMR of 6000–8000 g mol−1, to obtain the corresponding GPCLs (cagex-

GPLLA (x = 3 and 4), cage3-GPTMC, and cage4-GPEG, respectively; see Scheme 2 and Table S1). 

Specifically, the PLLA and PTMC macromonomers were prepared by the ring-opening 

polymerizations of L-lactide and trimethylene carbonate, respectively, using triol or tetraol initiator 

and tin(II) 2-ethylhexanoate and diphenyl phosphate catalysts,30,35 followed by end-functionalization 

with norbornenyl carboxylic acid. Similarly, the PEG macromonomer was obtained by appending a 

norbornenyl group to each terminus of a commercially available four-armed star-shaped PEG. The 

cyclopolymerization proceeded successfully for all the macromonomers and yielded soluble products 

under the optimized conditions ([s-(PLLA-NB)3]0/[G3]0 = 10/1 and [s-(PLLA-NB)3]0 = 0.2 mM; [s-

(PLLA-NB)4]0/[G3]0 = 7.5/1 and [s-(PLLA-NB)4]0 = 0.2 mM; [s-(PTMC-NB)3]0/[G3]0 = 10/1 and [s-

(PTMC-NB)3]0 = 0.075 mM; [s-(PEG-NB)4]0/[G3]0 = 7.5/1 and [s-(PEG-NB)4]0 = 0.1 mM). While the 

SEC analysis revealed that the products exhibited small shoulder peaks in the higher molecular region, 

the major peak attested to increased molecular weights (16600–38500 in Mn,SEC) with respect to the 

corresponding macromonomer, and had narrow Ɖ values (1.15–1.45) (Figures S9–12; also find their 

1H NMR spectra in Figures S13–16). Therefore, the presented strategy is applicable to a wide range of 

macromonomers for producing GPs from different polymer species. 
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Scheme 2. Range of applicability to macromonomers. Cyclopolymerizations of (a,b) three- and four-

armed star-shaped PLLA, (c) PTMC, and (d) PEG macromonomers to yield cage3-GPLLA, cage4-

GPLLA, cage3-GPTMC, and cage4-GPEG, respectively 
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Structure-property relationships of cage-GPCLs and their linear and monocyclic counterparts. 

It is of fundamental interest to systematically investigate how the topology of the side-chain affects 

the physical properties of topological GPCLs in bulk and solution states, which could facilitate 

topology-directed material design. Therefore, we initially evaluated the equilibrium melting 

temperature (Tm°) using differential scanning calorimetry (DSC). A series of linear- and cyclic-chain-

grafted GPCLs (l-GPCLs and c-GPCLs, respectively) as well as monomeric cyclic and cage-shaped 

PCL units (PCL-NB, c-PCL, cage3-PCL, and cage4-PCL; Chart 1) were also prepared and subjected 

to DSC analyses (see Table 2 and Figures S17–21). Because Tm° is defined as the estimated melting 

temperature of an infinite stack of extended chain crystals, it should provide objective and extensive 

insight into the crystallization properties while excluding the potential effects of the crystallization 

kinetics on Tm (i.e., the dependence of Tm on thermal history).36,37 The Tm° value of each GPCL was 

determined by the linear Hoffman–Weeks extrapolation method,36 wherein the Tm values for the 

isothermally crystallized samples were plotted against the crystallization temperatures (Tcs), and their 

linear extrapolation to the line of Tm = Tc gave Tm° as the intersection (see DSC experimental in SI for 

details). Note that a series of GPCLs used in the analysis had Mn,MALS values of 42900–55600 g mol−1. 

The Hoffman–Weeks plots of the topological GPCLs shown in Figure 4a revealed a unique trend of 

Tm° as follows: l-GPCL (60.6 °C) ≈ cage3-GPCL (60.3 °C) > c-GPCL (56.8 °C) > cage4-GPCL 

(51.8 °C). Notably, this trend is different from that of the monomeric cyclic and cage-shaped PCL 

units; Tm° of PCL-NB, c-PCL, cage3-PCL, and cage4-PCL were similarly estimated to be 59.7, 65.0, 
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61.3, and 60.1 °C, respectively (see Table 2). Specifically, the highest Tm° was calculated for cage3-

GPCL among the cyclic/cage-shaped GPCLs and for c-PCL among the monomeric cyclic/cage-shaped 

PCLs. The dense grafting of the cyclic/cage-shaped side-chain units could cause a discrepancy in the 

topology-dependent trend of Tm° between the monomeric cyclic/cage-shaped PCLs and GPCLs. For 

the cage-shaped PCLs and GPCLs, the side-chain segments around the branched points should possess 

lower chain mobility and be difficult to crystallize. The side-chain segments farther from the branched 

points should possess higher chain mobility and crystallize readily. In the case of cage-shaped GPCLs, 

the spatial interrelation between the neighboring cage-shaped units is determined by their junction with 

the polynorbornene backbone. When the side-chain segments in the cage-shaped GPCLs crystallize 

into the lamellar crystal, such steric constraints hinder crystallization in terms of chain mobility. 

However, the “fixed” spatial interrelation of the neighboring grafted cages should favor chain diffusion 

to the growth front of lamellar crystals. In the case of cage3-GPCL, the side-chain segments in the 

same cage and perhaps neighboring segments should be located at distances and with orientations that 

are suitable for chain packing, resulting in an increased Tm°. However, further increase in the number 

of arms of the topological side-chain unit causes steric hindrance around the polynorbornene backbone 

and four-branched pentaerythritol residue,38 which could interfere with the crystallization due to the 

significantly reduced chain mobility, resulting in a much lower Tm° for cage4-GPCL than for cage3-

GPCL. To gain further insight into the crystallization behavior and crystalline hierarchical structure, 

wide-angle X-ray diffraction (WAXD) and small-angle X-ray scattering (SAXS) experiments (Table 
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S2, Figures S22 and S23) were performed on isothermally crystallized topological GPCLs (Mn,MALS = 

33200–42900 g mol−1, crystallized at 30 °C for 48 h). As shown in Figure S23, each WAXD profile 

exhibited diffraction peaks corresponding to the (110) and (200) planes of the PCL crystal.39,40 Similar 

to the cyclic/cage-shaped PCLs,31 no significant change was observed in the positions of the diffraction 

peaks upon varying the side-chain topology, confirming that the side-chain topology does not affect 

the crystallographic unit cell (i.e., chain conformation and packing). This result can be interpreted as 

the side-chain segments being sufficiently separated from the branched points in topological GPCLs 

and PCLs crystallize in an identical conformation and packing to that of the linear PCL, whereas those 

around the branched points do not crystallize inherently. Correlation function analysis of the SAXS 

profiles (Figure S24) revealed the thicknesses of the crystalline lamellae (lc) and the amorphous layer 

(la), and the long period (Lp = lc + la). Interestingly, topological GPCLs retained a constant lc value 

(4.4–4.5 nm), while the monomeric cyclic/cage-shaped PCLs exhibited an increasing trend in the lc 

values from 3.2 to 4.5 nm with increase in the number of arms. The cage-shaped PCLs (cage3-PCL 

and cage4-PCL) possessed comparable values of lc (~4.5 nm), la (~7.0 nm), and Lp (11.5 nm). In 

contrast, cage4-GPCL possessed a longer la (9.4 nm) than cage3-GPCL (7.5 nm), albeit possessing an 

identical lc (4.5 nm). The crystallinity obtained from WAXD (ΧWAXD) as well as the ratio of lc and Lp 

(lc/Lp), which is a measure of crystallinity, decreased with increasing number of arms of the cage-

shaped GPCLs. In addition, the ΧWAXD and lc/Lp for cage3-GPCL were comparable to those for cage3-

PCL, whereas cage4-GPCL possessed lower ΧWAXD and lc/Lp compared to cage4-PCL. These trends 
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are consistent with the magnitude relation in Tm°, supporting the dense-grafting effect and the higher 

crystallizability of cage3-GPCL than that of cage4-GPCL. 

 

Chart 1. List of topological counterparts used for systematic characterization. Linear and cyclic 

GPCLs (l-GPCL and c-GPCL) and monomeric PCLs (PCL-NB, c-PCL, cage3-PCL, and cage4-PCL) 
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Table 2. Physical properties of GPCLs having various topological side-chains and their corresponding 

monomeric cyclic and cage-shaped PCLs 

a Number of linear, cyclic, or cage-shaped repeating units in the as-obtained GPCLs estimated from 

(Mn,MALS of GPCL)/(Mn,NMR of MM). b Determined using SEC-MALS-Visco in THF. c Determined by 

SEC in THF using PSt as the standard. d Not determined. 

 

sample 

Number of 

side-chain 

units a 

Mn,MALS
 b 

(g mol−1) 

Mw,MALS
 b 

(g mol−1) 
Đ c 

Tm° 

(°C) 

Dh
 b

 

(nm) 

[η] 
b 

(mL g−1) 

l-GPCL 

10.4 33,200 33,500 1.06 -d 9.0 16.8 

16.7 52,600 53,700 1.08 60.6 10.8 18.4 

36.8 118,000 118,000 1.11 -d 15.4 24.4 

c-GPCL 

10.7 34,300 35,100 1.14 -d 8.4 13.2 

17.4 55,600 56,200 1.12 56.8 10.2 14.8 

21.6 69,200 69,700 1.15 -d 11.2 16.0 

cage3-GPCL 

8.3 42,900 45,700 1.19 60.3 9.2 14.0 

13.4 69,800 78,700 1.33 60.5 11.4 15.6 

22.7 118,000 122,000 1.21 60.9 14 18.1 

58.3 303,000 319,000 1.35 61.5 22.8 29.4 

cage4-GPCL 

6.7 40,200 45,400 1.27 -d 8.8 12.2 

8.9 53,400 57,400 1.27 51.8 9.6 12.7 

15.9 95,200 105,000 1.30 -d 12.8 15.9 

PCL-NB - 1,610 1,820 1.12 59.7 2.6 8.8 

c-PCL - 3,130 3,470 1.08 65.0 3.0 6.7 

cage3-PCL - 3,960 4,090 1.05 61.3 3.2 6.4 

cage4-PCL - 5,550 5,600 1.05 60.1 3.6 7.0 
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Figure 4. Structure-property relationships of topological GPCLs and their counterparts. (a) Hoffman-

Weeks plot of GPCLs. The inset contains a magnification of the plot around the point of intersection, 

which represents the Tm° value of each GPCL. (b) Double-logarithmic plots of Mw,MALS versus [η] for 

l-GPCLs (black), c-GPCLs (blue), cage3-GPCLs (red), and cage4-GPCLs (green) (in THF). 

 

Thereafter, we evaluated the solution properties, such as intrinsic viscosity ([η]) and hydrodynamic 

diameter (Dh), using SEC-MALS-Visco in THF. As shown in Figure 4b, [η] values of cage-type 

GPCLs (cage3-GPCLs and cage4-GPCLs; 12.2–18.1 mL g−1) were found to be smaller than those of 

their linear and cyclic-type counterparts (13.2–24.4 mL g−1). Specifically, the [η] values decreased in 

the following order: l-GPCLs > c-GPCLs > cage3-GPCLs > cage4-GPCLs. This decreasing trend in 

[η] with increasing number of arms is consistent with that of the monomeric cyclic/cage-shaped PCLs 

([η] = 8.8, 6.7, 6.4, and 7.0 mL g−1 for PCL-NB, c-PCL, cage3-PCL, and cage4-PCL, respectively; See 

Table 2). While a series of monomeric PCLs appeared to have no correlation between the topology 

and Dh values, the Dh values of GPCLs decreased with increases in the number of arms of a repeating 

side-chain unit when compared between the samples possessing comparable total molecular weights 
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(see Figure S25). These results confirmed that the cage-shaped topological side-chain endows the graft 

polymers with reduced overall chain dimensions, significantly fewer chain entanglements, and greater 

side-chain density.41–43 Such unique properties can be attractive advantages of cage-type topological 

GPs over cyclic GPs for applications in lubricating and antifouling coatings.  

 

Conclusions 

In this study, we successfully demonstrated the cyclopolymerization of norbornenyl-end-

functionalized star-shaped macromonomers to produce well-defined topological GPCLs possessing 

cage-shaped side-chains with tunable numbers of arms and cage units. The mechanistic investigation 

revealed that the presented cyclopolymerization proceeds in an accurately controlled manner, which is 

composed of the repetition of rapid intramolecular consecutive cyclization and subsequent rate-

determining intermolecular addition reaction. The established cyclopolymerization system was found 

to be applicable to diverse macromonomers, including PLLA, PTMC, and PEG. Furthermore, we 

systematically characterized a series of GPCLs with varying molecular weights and side-chain 

topologies, which revealed that the cage-shaped side-chain topologies significantly affected the 

crystallization behavior, hydrodynamic diameter, and viscosity. Overall, the simple yet robust 

cyclopolymerization method enabled, for the first time, the synthesis of well-defined topological graft 

polymers carrying controllable cage-shaped side-chains, which are difficult to obtain using 

conventional graft polymer synthetic approaches. Because of the structural tunability of the polymer 
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backbone, side-chain topology, and degree of polymerization (i.e., the number of side-chain units) of 

the topological GPs, the topology-directed molecular design of functional materials, such as surface 

modifiers, should be achieved. By taking advantage of the controlled/living nature of the 

cyclopolymerization presented herein, we are currently working on synthesizing chain-end- and side-

chain-functionalized topological GPs to create high-performance surface coating materials. 
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