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Chapter 1 

Introduction 

1.1. General Introduction 

   Polymers or macromolecules can be divided into two major classes: natural and synthetic 

ones. Natural polymers such as rubber, wool, silk and cellulose, have been used since ancient 

times before they were recognized as long chain molecules. Protein and DNA, which constitute 

our human body, are also a family of the natural polymers. To the contrary, synthetic polymers 

such as nylons, polyesters, polyolefins and synthetic rubbers are generally transformed from 

petroleum oil. They have been normally produced on a huge scale and utilized in various fields 

today. Both natural and synthetic polymers play indispensable roles in a variety of fields of our 

daily life. 

The properties of polymers are affected by various molecular factors, i.e., monomer species, 

chain length, its distribution, chain architecture, etc. Among them, chain architecture, namely the 

connectivity of monomers, is believed to greatly affect various physical properties of polymers, 

and they can be roughly classified into the following three types: linear, branched and ring 

molecules. Linear polymers possess the simplest structure with a continuous long flexible chain 

and their conformation can be representatively expressed by random coils. In general, their 

properties can give the fundamentals of all the polymer species. 

Branched polymers are the molecules that have one or more branch points where side chains 

are attached to the main chain. They can be secondly categorized as star, graft, dendrimer, 

hyperbranched and cross-linked polymers according to their chain connectivity. Some 
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commercially available and extraordinary useful polymers such as polyolefin are made up of 

chains with complex branching, and their physical properties have been extensively studied until 

date.
1,2

 

Ring polymers are in another category of non-linear type molecules and have a unique 

structural feature of possessing no chain ends on them. Some DNA and biomolecules are known 

to have circular architecture in nature,
3,4

 while some polycondensation products synthesized by 

step-growth polymerization are also conceived to contain cyclic polymers.
5
 Moreover, recent 

development of synthetic techniques enables us to prepare ring polymers strategically.
3,6-15

 The 

absence of chain ends on ring molecules might generate some characteristic physical properties, 

which must be completely different from those of linear molecules. In fact, a large number of 

studies have been extensively pursued theoretically,
16-33

 computationally
34-54

 and 

experimentally
55-85

 to date. However, their whole picture concering physical properties is still not 

quite clear, mainly because the samples used in the experiments are contaminated with several 

impurities, and therefore many studies are still on going. 

 

1.2. Polymer Chain Dynamics 

Polymer melts or concentrated solutions are known to exhibit complicated responses when 

several forces are applied on them; in a short time scale they behave as elastic solids, while in a 

long time scale they behave as viscous liquids. This complex property is known as 

“viscoelasticity”, and is one of the most distinctive properties of polymers. It is closely related to 

the polymer chain motion, because one of the origins of viscoelasticity is anisotropy in chain 
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conformation generated by the deformation strain, and this anisotropy can be recovered by the 

chain motion. 

Viscoelastic behavior of isolated short linear polymer melts was successfully described by 

Rouse.
86

 In the Rouse model, a polymer chain is represented by using alternative beads and 

springs, which follow the Gaussian distribution statistics, and its viscoelastic response can be 

determined by the balance between entropy elasticity from springs and frictional force from 

beads. 

   For long linear polymer melts, their viscoelastic properties are known to be greatly different 

from those for the short ones. They exhibit plateaus in relaxation moduli within the region 

between the glass transitions and the terminals. Actual magnitude of each modulus is independent 

of the molecular weight of linear chains, while the length of plateau is extended with increase of 

the molecular weight. This long-time plateau is called “rubbery plateau” due to the analogous 

similarity to the cross-liked rubber, and is originated from entanglements of long linear chains. In 

entangled polymer systems, the reptation motion based on the tube model, which is proposed by 

de Gennes,
87

 Doi and Edwards,
88

 is widely applied to describe the chain motion. This model 

assumes that a polymer chain cannot across the other chains and can only diffuse along its 

contour to release the stress instead. By considering additional effects such as constraint release 

(CR) and contour length fluctuations (CLF), this reptation model has acquired the considerable 

success to describe the entangled polymer chain dynamics.
89-91

 

Tube model can also describe the complex chain motion of entangled branched polymers by 

considering the effect of the branch points. For example, star polymers, which are regarded as the 

simplest class of branched polymers, cannot simply follow the reptation motion due to the 
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existence of the branch point. In contrast to the simple reptation, each arm can retract from the 

free chain ends to the branch point to relax.
87-91

 Relaxation motion for more complicated 

branched molecules, such as combs and pom-pom type polymers can also be well described by 

the hierarchical relaxation using the tube models.
92

 

To the contrary, tube models such as reptation or retraction motions cannot be simply adapted 

for ring polymers due to their inherent architectures with no chain ends. Several models were 

proposed to express the conformations and dynamics of ring molecules instead. For example, the 

Rouse bead-spring model can also be applied to the ring molecules, when they are in unentangled 

states and their conformations are admitted to follow the Gaussian chain distribution.
28,29,44

 

Moreover, the double-folded linear-like conformation
30

 and the lattice-animal branched-like 

conformation
31-33

 were adopted when their molecular weights are large enough to penetrate each 

other deeply. In 1980s, many experimental results for the rheological measurements for synthetic 

ring polymers were reported by Roovers
64,67

 and McKenna,
65,70

 however, comprehensive results 

were not obtained probably due to the lack of the samples with guaranteed ring purity. 

Recently, several high performance liquid chromatography (HPLC) techniques such as liquid 

chromatography at the critical condition (LCCC) or interaction chromatography (IC) have been 

discovered and developed. These methods made it possible to separate ring chains from linear 

ones, and consequently the ring purity can be estimated accurately.
93,94

 

By utilizing this LCCC method, Kapnistos et al. reported the remarkable viscoelastic 

properties of highly-purified two ring PS samples with their molecular weights Mw = 161 and 198 

kg/mol, which are sufficiently larger than the entanglement molecular weight Me (= 18.0 kg/mol) 

for linear PS.
77

 They demonstrated two rings did not exhibit apparent rubbery plateaus but 
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represent power-law decay of the stress relaxation function. These results indicate that rings 

adopt completely different chain relaxation mechanisms from linear polymers, while they show 

some characteristic intermolecular interactions instead. However, only two ring samples in the 

same molecular weight range were treated in the report. Following their study, several 

experimental data on the ring dynamics were newly reported, but the whole picture of the ring 

chain motion has not been clarified yet.
78-85 

   Not only the dynamics of ring homopolymers, but also that of the ring/linear blend systems 

must be an intriguing subject. Kapnistos et al. reported experimentally the influence of the linear 

contamination in the ring samples on their rheological responses.
77

 They revealed that a tiny 

amount (only 0.07 %) of a long linear chain with about 10Me which has the same molecular 

weight as the ring sample, sensitively caused a change in the rheological response, and 

furthermore revealed that the blend sample including 1% of the linear chain exhibited a plateau. 

Halverson et al. reported on the systematic change in the rheological response of ring/linear 

blends depending on their composition, where both ring and linear chains have the molecular 

weight of 10Me, by the molecular dynamics (MD) simulations,
49

 they also demonstrated the 

evident viscosity increase due to the linear contaminations. Moreover, for the 50/50 ring/linear 

blend, its viscosity was confirmed to increase up to two times as large as that for the pure linear 

chain. These results might be considered to be caused by the new type of interactions i.e., 

ring-linear penetrations. To elucidate this mechanism, the dynamics of ring/linear blends has 

been kept studying. 

In fact, the ring-linear penetration may be similar to the threading dynamics of polymers 

through confined spaces such as membranes and nanopores. This sort of phenomenon is 

well-known in DNA and biopolymer interactive systems,
95

 while another example of ring-linear 
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penetration is inclusion complexes between cyclodextrins and guest polymers.
96,97

 These systems 

may give us some clues to elucidate the ring-linear penetration mechanism. 

 

1.3. Ring-based Polymers with Various Architectures 

   As explained above, the dynamics of ring polymers and ring/linear blends is attractive and 

intriguing. Then if ring and linear chains are introduced into one molecule, what kinds of 

viscoelastic properties can appear? The simplest example of this type of molecule is a 

“tadpole-shaped polymer”, where a linear chain is attached on a ring, as schematically illustrated 

in Figure 1-1(b). This molecule is expected to generate intermolecular ring-linear penetrations 

easily and to exhibit further synergistic viscoelastic properties due to the connectivity of a ring 

and a linear chain. Moreover, in the case of a “comb-shaped ring polymer”, where multiple linear 

chains are attached on a ring, as shown in Figure 1-1(c), the effectiveness of the ring-linear 

penetration might increase. In contrast, in the case of a “dumbbell-shaped polymer” as drawn in 

Figure 1-1(d), where rings are attached on both ends of a linear chain, its viscoelastic properties 

are also intriguing. Since this molecule has a central linear partial chain but no chain ends, it is 

mysterious that whether it can also spontaneously cause the intermolecular ring-linear penetration 

or not. To investigate the relationship between the polymer chain architectures including ring 

structures and their viscoelastic properties is highly significant to understand the polymer chain 

dynamics from the basis. Until now, there are several reports on the synthesis of these ring-based 

polymers,
12-14,98-119

 however, most of them are unsuitable for the accurate measurements of their 

various physical properties due to their low molecular weights, broader distribution, uncertain 

architecture and unguaranteed purity. 
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Figure 1-1. Schematic illustrations of ring-based polymers with various architectures: (a) trivial ring, 

(b) tadpole-shaped, (c) comb-shaped ring and (d) dumbbell-shaped polymers. 

 

In this thesis, first a series of highly-purified ring polymers with wide molecular weight 

range was aimed to prepare and their viscoelastic properties were investigated to elucidate the 

ring chain dynamics. Next, three kinds of ring-based polymers, i.e., tadpole-shaped, 

comb-shaped ring and dumbbell-shaped polymers were proposed to precisely prepare and their 

viscoelastic properties were extensively investigated to understand the relationships between the 

chain architectures and their dynamics. 

 

1.4. Outline of this thesis 

   In Chapter 2 of this thesis, a series of highly-purified trivial rings and three kinds of 

ring-based polymers, i.e., tadpole-shaped, comb-shaped ring and dumbbell-shaped polymers were 

precisely prepared by anionic polymerizations, followed by multistep HPLC fractionations. 

Moreover, all of the samples obtained were characterized accurately. 

   In Chapter 3, viscoelastic properties of a series of highly-purified trivial ring polymers with 

wide molecular weight range were investigated and their relaxation mechanisms were discussed. 
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   In Chapter 4, viscoelastic properties of a series of tadpole-shaped polymers with a common 

ring and linear tails having three different lengths were studied. Their relaxation mechanisms 

were discussed in terms of the tail chain length dependence. 

   In Chapter 5, viscoelastic properties of a series of comb-shaped ring polymers with a 

common ring and linear branches having three different lengths were investigated by comparing 

with the linear counterparts, while in Chapter 6, viscoelastic properties of a dumbbell-shaped 

polymer were reported. 

Finally in Chapter 7, all of the results obtained in the above chapters were summarized. 
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Chapter 2 

Preparation and Characterization of Ring-based Polymers with Various 

Architectures 

 

Partly adapted with permission from 

Doi, Y. et al. Macromolecules 2013, 46, 1075-1081.
1
 

 

Abstract:   Highly-purified trivial ring polymers and also three kinds of ring-based polymers, 

i.e., (a) tadpole-shaped, (b) dumbbell-shaped and (c) comb-shaped ring polymers, as 

schematically illustrated in Figure 2-1, were successfully prepared by anionic polymerizations 

followed by multistep high performance liquid chromatography (HPLC) fractionations. All of the 

samples obtained were characterized by size exclusion chromatography with multi-angle light 

scattering (MALS) detector, SEC-MALS measurements and interaction chromatography (IC) 

measurements. All ring-based polymers were confirmed to have definite architectures with 

ultrahigh purity over 99%. Therefore, these samples are conceived to be suitable for investigating 

their physical properties, such as solution and viscoelastic properties accurately in the following 

chapters. 

 

Figure 2-1. Schematic illustrations of ring-based polymers with various architectures: (a) tadpole- 

shaped, (b) dumbbell-shaped and (c) comb-shaped ring polymers. 
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2.1. Introduction 

   Ring polymers are one of the most fascinating model polymers in a view point of polymer 

physics because they have no chain ends in their structure. This intrinsic feature may give several 

interesting physical properties. Nevertheless, their accurate physical properties have been mostly 

unrevealed due to difficulty in preparation of truly pure ring samples. Not only the trivial rings, 

but also ring-based polymers where ring and linear chains are introduced in one molecule are 

expected to exhibit intriguing physical properties, which are originated from their unique chain 

architectures. Several studies on the synthesis of these ring-based polymers have been 

conducted.
2-4

 However, most of them are not suitable for the measurements of their various 

physical properties with high accuracy due to their low molecular weights, their broader 

distribution, uncertain architecture or unguaranteed purity. Therefore, there are few cases to 

investigate their accurate physical properties until now. 

   In this chapter, highly-purified ring polymers, and three kinds of ring-based polymers, i.e., 

tadpole-shaped, dumbbell-shaped and comb-shaped ring polymers were prepared by anionic 

polymerizations followed by separation and purification by multistep high performance liquid 

chromatography (HPLC). All of the samples obtained were carefully characterized by size 

exclusion chromatography with a multiangle light scattering detector (SEC-MALS) and 

interaction chromatography (IC) measurements to confirm their precise architectures. 
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2.2. Experimental 

2.2.1. Preparation of highly-purified ring polystyrenes. 

Highly-purified ring polystyrene (PS) samples were prepared in the same manner as reported 

previously.
5
 All operations were carried out in sealed glass apparatuses with breakseals under 

high-vacuum (~ 1 × 10
-3

 Pa). In this study, six ring PSs, whose molecular weights covering 10 to 

240 kg/mol were prepared. First, telechelic linear PSs with 1,1-diphenylethylene (DPE) type 

vinyl groups on both ends were anionically synthesized from a styrene monomer with potassium 

naphthalenide (Naph-K) as an initiator in THF, followed by two-step end-capping reactions with 

DPE and 1-[3-(3-chloropropyldimethylsilyl)phenyl]-1-phenylethylene (DPE-Cl), as shown in 

Scheme 2-1. The telechelic PSs were cyclized in dilute THF solution, where excess amount of 

Naph-K was added to the solution as a coupling agent, as shown in Scheme 2-2. The cyclization 

products were treated by multistep SEC and IC fractionations to exclude polycondensation 

products and to isolate ring polymers with high purity over 99.5 % in every case. Before HPLC 

fractionations, some of the cyclization products were treated by precipitational fractionations in 

cyclohexane. The sample codes include the initial L and R as linear and ring polymers, and the 

numerical numbers are followed to express their molecular weights in the unit of kg/mol. 

 

Scheme 2-1. Synthetic scheme of telechelic linear PS with DPE-type double bonds on both ends 
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Scheme 2-2. Synthetic scheme of highly-purified ring PS 

 
 

2.2.2. Preparation of tadpole-shaped polystyrenes. 

Tadpole-shaped PS samples were anionically synthesized by a coupling reaction between a 

ring PS and an excess molar amount of living linear PS.
1
 Firstly, a highly-purified ring PS, R-60 

(Mw = 59.8 kg/mol), with two DPE-type vinyl groups at the coupling point was prepared by the 

cyclization of a telechelic linear PS, followed by the capping reactions with DPE and DPE-Cl, as 

shown in Scheme 2-3. The cyclization product was treated by multistep HPLC fractionations. As 

the next step reactions, three living linear PSs, L-30, L-70 and L-120 (Mw = 27.1, 68.9 and 122 

kg/mol, respectively), were anionically synthesized with sec-butyllithium (sec-BuLi) as an 

initiator, and each of them was reacted with R-60, as shown in Scheme 2-4. In this synthetic 

pathway, two kinds of tadpoles which possess one and two linear tail chains in a molecule, 

single-tail and twin-tail, respectively, were simultaneously produced. They were isolated 

separately from the coupling products by multistep HPLC fractionations. The sample codes the 

tadpole molecules thus prepared include the initial S and T for the number of tails, i.e., single-tail 

and twin-tail, and the following two numerical numbers represent the molecular weights in the 

unit of kg/mol for ring and linear chain units. 
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Scheme 2-3. Synthetic scheme of ring PS with two DPE-type vinyl groups 

 
 

Scheme 2-4. Synthetic scheme of tadpole-shaped PSs 

 

 

2.2.3. Preparation of dumbbell-shaped polystyrenes. 

Dumbbell-shaped PS samples were anionically synthesized by a coupling reaction between 

an excess molar amount of ring PS and a bifunctional living linear PS. Firstly, a highly-purified 

ring PS, R-30 (Mw = 33.7 kg/mol), with two DPE-type vinyl groups at the coupling point was 

prepared in the same manner as shown in Scheme 2-3. Secondly, bifunctional living linear PS 

was synthesized from Naph-K as an initiator in THF, and reacted with the excess R-30, as shown 

in Scheme 2-5. In this study, two linear PSs, L-80 and L-240 (Mw are 84.0 and 241 kg/mol, 

respectively), were used as central linear parts of dumbbell polymers. The coupling products 

were treated by multistep HPLC fractionations to isolate the dumbbell PS. 
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Scheme 2-5. Synthetic scheme of dumbbell-shaped polystyrenes 

 
 

 

2.2.4. Preparation of comb-shaped ring polystyrenes. 

Comb-shaped ring PS samples were anionically synthesized by a chlorosilane coupling 

reaction between a ring PS backbone and multiple linear PS chains. Scheme 2-6 shows a 

synthetic route to the ring backbone. Firstly, a telechelic linear polymer with DPE type vinyl 

groups on both ends was synthesized from a mixed monomer of styrene (S) and 

4-(3-butenyl)styrene (BS) (ca. 30/1 mol%) with Naph-K as an initiator in THF. This telechelic 

polymer was cyclized in dilute THF condition and the product obtained was treated by multistep 

HPLC fractionations to isolate the ring backbone. To prepare the comb-shaped ring polymers, 

vinyl groups on BS units in the backbone were functionalized by hydrosilylation reaction with 

chlorodimethylsilane in benzene and the solution was stirred for one week. This solution was 

purified by the freeze-drying method. In this study, three linear branches, L-20, L-40 and L-80, 

were synthesized from sec-BuLi as an initiator, and each of them was reacted with the ring 

backbone. The coupling products were separated by SEC fractionations to isolate the 

comb-shaped ring samples. Scheme 2-7 shows a synthetic route to the comb-shaped ring PSs. 

Comb-shaped samples with the linear backbone were also prepared in the same manner but 

without a cyclization of the backbone, as reference samples. The linear and ring backbones 

denote LBB and RBB with their molecular weights, while the combs with linear and ring 

backbones denote LC and RC with a molecular weight of a branch chain in the unit of kg/mol. 
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Scheme 2-6. Synthetic scheme of the ring backbone 

 
 

Scheme 2-7. Synthetic scheme of comb-shaped ring PSs 

 
 

 

2.2.5. Characterization. 

The weight-average molecular weights Mw were determined by multi-angle light scattering 

(MALS) measurements or size exclusion chromatography (SEC) with MALS detector, i.e., 

SEC-MALS measurements. MALS measurements were carried out with an apparatus, Dawn 

EOS (Wyatt Technology Co.), in THF at 35 
o
C. SEC-MALS measurements were performed with 

HPLC system composed of a pump, LC-20AD (Simadzu Co.), a column oven, CTO-20A 

(Simadzu Co.), a MALS detector, DAWN HELEOS II (Wyatt Technology Co.), and a 

differential refractive index detector, RID-10A (Simadzu Co.). Two kinds of SEC columns, i.e., 

silica gel columns (Protein KW-804, Shodex) and polystyrene gel columns (TSK gel G5000HHR, 
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Tosoh Co.), were used according to molecular weights of the samples. The eluent was THF, and 

the flow rate was 1.0 ml/min. The column temperature was kept constant at 40 
o
C. Molecular 

weight distribution, Mw/Mn, was estimated by SEC measurements with the same HPLC system 

with a UV detector, SPD-20A (Simadzu Co.), and without the MALS detector. The purity of the 

trivial ring and ring-based samples was evaluated from IC measurements with the same HPLC 

system equipped with a handmade column jacket with a thermostatic bath/ circulator, Alpha RA8 

(Lauda Co.), instead of the column oven. Two bare-silica gel columns (5SIL10E, Shodex) were 

used. The eluent was a mixture of n-hexane and THF (58/42 in volume) and the flow rate was 3.0 

ml/min. The column temperature was adjusted within a range of 10 to 50 
o
C to control elution 

behavior. 

 



 

Chapter 2 

21 

 

2.3. Results and Discussion 

2.3.1. Preparation and characterization of highly-purified ring polystyrenes. 

   Table 2-1 summarizes the molecular characteristics of six telechelic linear PSs used in this 

study. As an example, a procedure of cyclization and coarse purification process for telechelic 

L-60 is shown in Figure 2-2. Figure 2-2(a) and (b) show SEC chromatograms of L-60 and its 

cyclization product, respectively. From the peak area ratio in Figure 2-2(b), this reaction product 

includes ca. 40% of a ring PS eluted at around 19 min, accompanied by several polycondensation 

products together with linear molecules as a precursor eluted at 18 min. Figure 2-2(c) shows the 

chromatogram of the product after the precipitational fractionation. Most of the high molecular 

weight byproducts were removed and it was found that the fractionated product includes ca. 70% 

of a ring PS. 

 

Table 2-1. Molecular characteristics of six telechelic linear PSs 

Samples 10
-3
Mw 

a
 Mw/Mn 

b
 

L-10 12.8 1.05 

L-20 19.6 1.05 

L-40 44.2 1.02 

L-60 61.2 1.04 

L-90 95.9 1.02 

L-240 253 1.03 

Estimated from 
a
MALS or SEC-MALS, 

b
SEC measurements 
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Figure 2-2. SEC chromatograms of (a) L-60, (b) the cyclization product of L-60 and (c) the product 

after precipitational fractionation. Reprinted with permission from ref. 1. 

 

To exclude the unreacted linear precursor from the fractionated product, successive IC and 

SEC fractionations were performed for the product after the precipitational fractionation, results 

being shown in Figure 2-3. After the fractionations, it is evident from Figure 2-3(c) and (f) that 

ring chains, R-60, were successfully isolated in both IC and SEC modes. The purity of this ring 

sample can be estimated to be 99.9% from Figure 2-3(c). Using the same procedures, six ring PSs 

with high purity over 99.5 % were successfully prepared and their characteristics are summarized 

in Table 2-2. Since all cyclization reactions of telechelic PSs in this study were performed in a 

good solvent, THF, the fraction of knotted ring products must be negligibly small in the 

cyclization product, even for the largest ring, R-240, by referring to the previous report.
6
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Figure 2-3. IC chromatograms of (a) the cyclization product after precipitational fractionation, (b) the 

fraction #1 after IC fractionation and (c) the fraction #2 after the IC and SEC fractionations. SEC 

chromatograms of (d), (e) and (f) are corresponding to the samples (a), (b) and (c), respectively. 

Reprinted with permission from ref. 1. 

 

Table 2-2. Molecular characteristics of a series of highly-purified ring PSs  

Samples 10
-3
Mw 

a
 Mw/Mn 

b
 Purity (%) 

c
 

R-10 12.3 1.05 99.6 

R-20 18.4 1.05 99.6 

R-40 41.7 1.02 99.7 

R-60 59.8 1.02 99.9 

R-90 93.0 1.02 99.5 

R-240 244 1.02 99.6 

Estimated from 
a
MALS or SEC-MALS, 

b
SEC and 

c
IC measurements 
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2.3.2. Preparation and characterization of tadpole-shaped polystyrenes. 

   Figure 2-4(a) and (b) show SEC chromatograms for R-60 (Mw = 59.8 kg/mol, Mw/Mn = 1.02, 

purity = 99.9%) and L-70 (Mw = 68.9 kg/mol, Mw/Mn = 1.02), respectively. After the coupling 

reaction between them, the product shows the multipeaks in Figure 2-4(c). In this chromatogram, 

the peak for R-60 mostly disappeared, and two new peaks appeared at two short elution times 

(15.0 and 16.2 min). This fact suggests that two kinds of tadpoles, i.e., the single-tail, S-60/70, 

and the twin-tail, T-60/70, were produced simultaneously. These two peaks were isolated 

separately by multistep HPLC fractionations, as shown in Figure 2-4(d) and (e). The measured 

absolute weight-average molecular weight of the sample in Figure 2-4(d) is 130 kg/mol, which is 

in good agreement with the sum of Mw of R-60 and L-70, 129 kg/mol. Likewise, Mw of the 

sample in Figure 2-4(e), 192 kg/mol, agrees well with the sum of Mw of R-60 and double of Mw 

for L-70, 198 kg/mol. These results suggest that two tadpole samples were successfully prepared 

as designed. Figure 2-5 shows IC chromatograms for the two tadpoles, S-60/70 and T-60/70, 

compared with those for their ring and linear components. In this figure, the peaks for the 

tadpoles are almost completely separated from that for L-70, and the purities of two tadpoles are 

estimated to be 99.6% for both. 
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Figure 2-4. SEC chromatograms of (a) R-60, (b) L-70, (c) the coupling product, (d) the isolated 

S-60/70 and (e) the isolated T-60/70. 
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Figure 2-5. IC chromatograms of (a) L-70, (b) R-60, (c) S-60/70 and (d) T-60/70. Reprinted with 

permission from ref. 7. 

 

   Applying the same procedures to the products, a series of highly-purified tadpole samples 

having a common ring and three different lengths of linear tails were prepared. All samples were 

confirmed to possess high purities over 99% by IC measurements. Their molecular characteristics 

are summarized in Table 2-3. 
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Table 2-3. Molecular characteristics of a series of tadpole-shaped PSs 

Samples 10
-3

Mw 
a
 Mw/Mn 

b
 10

-3
Mw,tail 

a
 Mw/Mn,tail 

b
 Purity 

c
 

R-60 59.8 1.02 - - 99.9 

S-60/30 86.8 1.02 

27.1 1.02 

99.3 

T-60/30 114 1.02 99.5 

S-60/70 130 1.01 

68.9 1.02 

99.6 

T-60/70 192 1.01 99.6 

S-60/120 183 1.02 

122 1.03 

99.1 

T-60/120 300 1.02 99.7 

Estimated from 
a
SEC-MALS, 

b
SEC and 

c
IC measurements 

 

 

2.3.3. Preparation and characterization of dumbbell-shaped polystyrenes. 

   Figure 2-6(a) and (b) show SEC chromatograms for R-30 (Mw = 33.7 kg/mol, Mw/Mn = 1.02, 

purity = 99.9 %) and L-80 (Mw = 84.0 kg/mol, Mw/Mn = 1.06), respectively. The dotted curve in 

Figure 2-6(c) shows the chromatogram after a coupling reaction. In addition to the peak 

originated from the excess amount of unreacted R-30, a multipeak newly appears at a short 

elution time (13-18 min). Since this multipeak is considered to be a coupling product, including a 

dumbbell polymer, multistep HPLC fractionations were performed. Firstly, the excess R-30 was 

excluded by SEC fractionation, and the chromatogram after the fractionation is shown as the 

solid curve in Figure 2-6(c). Apparently, this multipeak is mainly composed of three peaks, 

which are corresponding to the dumbbell molecule as designed, single-tail tadpole and linear 

polymers, in the order of the shorter elution time. 
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Figure 2-6. SEC chromatograms of D-30/80/30 through a coupling reaction: (a) R-30, (b) L-80 and (c) 

a coupling product (dotted) and a product after excluding unreacted R-30 (solid). 

 

   Secondly, IC measurement for the product after excluding R-30 was performed. The result is 

shown in Figure 2-7(a). Evidently, three peaks were separated well in IC mode and they are 

considered to be associated with the linear, single-tail and dumbbell polymers, in the order from 

the shorter elution time. The sample was fractionated under the condition, and the IC 

chromatogram of the dumbbell sample obtained is shown in Figure 2-7(b), while the 

corresponding SEC chromatogram is shown in Figure 2-6(d). It was confirmed that the product 

shown in Figure 2-7(b) and (d) has a molecular weight of 147 kg/mol, this value is close to the 

sum, 151 kg/mol, of that of L-80, 84.0 kg/mol, and double of Mw for R-30, 2 × 33.7 = 67.4 

kg/mol. This result suggests that the dumbbell polymer was successfully prepared as designed. 

 



 

Chapter 2 

29 

 

 

Figure 2-7. IC chromatograms of (a) a coupling product after excluding R-30, (b) the isolated 

D-30/80/30. SEC chromatograms of (c) and (d) are corresponding to the samples (a) and (b). 

 

Applying the same procedure, a dumbbell PS, D-30/240/30, with a long middle linear chain 

(Mw,linear = 241 kg/mol) was also prepared. Molecular characteristics of two dumbbell samples are 

summarized in Table 2-4. Both samples were confirmed to possess well-defied dumbbell-shaped 

structures by SEC-MALS measurements and also to have high purities over 99% by IC measurements. 

 

Table 2-4. Molecular characteristics of dumbbell-shaped polystyrenes 

Samples 10
-3
Mw 

a
 10

-3
Mw,ring 

a
 10

-3
Mw,linear 

a
 Mw/Mn 

b
 Purity 

c
 

D-30/80/30 147 

33.7 

84.0 1.01 ~ 99% 

D-30/240/30 301 241 1.01 ~ 99% 

Estimated by (a) SEC-MALS, (b) SEC and (c) IC measurements 
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2.3.4. Preparation and characterization of comb-shaped ring polystyrenes. 

A telechelic linear poly(styrene-co-4-(3-butenyl)styrene) (LBB-70; Mw = 70.9 kg/mol, Mw/Mn 

= 1.01) was anionically synthesized. A ring backbone, RBB-70, was prepared by the cyclization 

reaction of LBB-70 followed by multistep HPLC fractionations. Figure 2-8 shows SEC 

chromatograms for linear (left) and ring (right) backbones with their absolute weight-average 

molecular weights Mw displayed by a blue and a red line, respectively. The peak for the ring 

backbone with narrow distribution eluted slower than that for the linear one, while their 

molecular weights are almost the same. From IC measurements, the ring backbone was 

confirmed to have high purity over 99%. From 
1
H-NMR measurements, the number of functional 

vinyl groups of BS or DPE units, Nf, in the linear and ring backbones was estimated to be 22 and 

20, respectively. The results are perfectly consistent with the molecular design, namely the linear 

precursor has two additional double bonds on two chain ends. Molecular characteristics of the 

linear and ring backbones are summarized in Table 2-5. From the above, a pair of linear and ring 

backbones with the same molecular weights and the similar number of BS units was obtained. 

 

Figure 2-8. SEC chromatograms of LBB-70 (left) and RBB-70 (right) with Mw. 
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Table 2-5. Molecular characteristics of linear and ring backbones 

Samples 10
-3
Mw 

a
 Mw/Mn 

b
 Nf 

c
 Purity 

d
 

LBB-70 70.9 1.01 22 - 

RBB-70 70.5 1.01 20 ~ 99 % 

Estimated from 
a
SEC-MALS, 

b
SEC, 

c1
H-NMR and 

d
IC measurements 

 

   Figure 2-9(a) and (b) compare SEC chromatograms of RBB-70 and L-20, respectively, while 

Figure 2-9(c) shows the chromatogram after a coupling reaction between them. In this figure, a 

new unimodal peak has appeared at a shorter elution time (13-15 min), which is considered to be 

a comb-shaped ring sample, RC-20. This peak was isolated by SEC fractionation, as shown in 

Figure 2-9(d). In the same manner, three comb-shaped rings as well as the corresponding linear 

counterparts were prepared. Their molecular characteristics were summarized in Table 2-6. All 

comb samples were confirmed to be over 99% from SEC measurements. Moreover, all comb 

samples, except for RC-80, were obtained as designed, while only RC-80 has less number of 

branches. 
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Figure 2-9. SEC chromatograms of RC-20 thorough a coupling reaction: (a) RBB-70, (b) L-20, (c) a 

coupling product and (d) the isolated RC-20. 

 

Table 2-6. Molecular characteristics of a series of LC and RC samples 

Samples 10
-3
Mw 

a
 Mw/Mn 

b
 10

-3
Mw,br 

a
 f 

c
 

LC-20 491 1.02 20.2 21 

RC-20 434 1.03 19.2 19 

LC-40 1070 1.05 41.5 24 

RC-40 929 1.04 41.5 21 

LC-80 1630 1.07 75.9 21 

RC-80 1100 1.14 75.9 14 

Estimated from 
a
SEC-MALS and 

b
SEC measurements. 

c
f: the number of branches calculated from f = 

(Mw – Mw,bb)/Mw,br. 
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2.4. Conclusions 

   In this chapter, highly-purified trivial ring polymers and also three kinds of ring-based 

polymers, i.e., tadpole-shaped, dumbbell-shaped and comb-shaped ring polymers were 

successfully prepared by anionic polymerizations followed by multistep HPLC fractionations. All 

of the samples obtained were characterized by SEC-MALS and IC measurements, and they were 

confirmed to have definite architectures with ultrahigh purity over 99%. Therefore, they are 

conceived to be suitable samples for accurate investigation of their physical properties, such as 

solution and viscoelastic properties in the following chapters. 
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Chapter 3 

Viscoelastic Properties of Ring Polystyrenes with Ultrahigh Purity 

 

Adapted with permission from 

Doi, Y. et al. Macromolecules 2015, 48, 3140-3147.
1
 

 

Abstract:   Viscoelastic properties of highly-purified ring polystyrene (PS) samples with wide 

molecular weight range were investigated. It has been revealed that all rings in this study exhibit 

no rubbery plateau and faster terminal relaxation than the linear counterparts. This fact suggests 

that the relaxation mechanisms for ring polymers are completely different from linear 

counterparts. The dynamic moduli for rings experimentally obtained were compared with the 

Rouse ring model. Rings with moderate molecular weights, 2Me ≤ Mw ≤ 5Me, are apparently in 

good agreement with the predictions. In contrast, small rings with Mw of Mw ≤ Me and large rings 

with Mw of 5Me ≤ Mw exhibit discrepancy between experimental and calculated data. Moreover, it 

turned out that two rheological parameters, i.e., zero-shear viscosities, η0, and steady-state 

recoverable compliance, Je, for rings strongly depend on their molecular weights. The small rings 

apparently give the Rouse like behavior, while rings with moderate Mw (2Me ≤ Mw ≤ 5Me) show 

η0 supported by the Rouse ring prediction, but reveal Je of inconsistency with the model. To the 

contrary, the largest ring with Mw of 5Me < Mw exhibits clearly larger η0 and Je than the predicted 

values by the model, suggesting that some intermolecular interactions are generated.
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3.1. Introduction 

Ring polymers are one of the most fascinating model polymers, especially from the aspect of 

the molecular chain dynamics, because they have no chain ends. However, until recently their 

dynamic properties have not been mostly clarified due to the difficulty in preparation of truly 

pure ring samples. Therefore, understanding the dynamics of rings is one of the unsolved 

problems in polymer science for a long period of time.
2
 Recently, Kapnistos et al.

3
 reported that 

the pure rings, treated by liquid chromatography at the critical condition (LCCC), show 

remarkable rheological features: the rings do not exhibit a definite rubbery plateau but power-law 

decay of the stress relaxation. These results suggest that the ring chains adopt completely 

different relaxation mechanisms from linear counterparts. However, they used only two ring 

samples in the report, and hence there still remains an open problem. 

In this chapter, the melt viscoelastic properties of a series of highly-purified ring polystyrene 

(PS) samples with a wide molecular weight range (10-240 kg/mol) were investigated. To 

elucidate their relaxation mechanisms, their dynamic moduli were directly compared with the 

Rouse ring model.
4-7

 Moreover, the molecular weight dependence of the zero-shear viscosities, η0, 

and the steady-state recoverable compliances, Je, was discussed. 
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3.2. Experimental 

Molecular characteristics of six ring PSs are summarized in Table 3-1. 

Viscoelastic properties of ring polymers were investigated by using the ARES-G2 rheometer 

(TA Instruments) with 8 mm diameter and 0.1 rad angle cone plates, or 8 mm diameter parallel 

plates. Temperatures for measurements were varied in the range of 120-240 
o
C, where the highest 

temperature was depending on the samples, under the nitrogen atmosphere to prevent chain 

degradations. The frequency range adopted was 0.1-100 s
-1

 in a linear strain region (< 10 %). 

Rheological measurements were carried out basically in the same condition from chapter 3 to 6. 

After the rheological measurements, all samples were tested by SEC and IC to check chain 

degradations. 

 

Table 3-1. Molecular characteristics of a series of highly-purified ring PSs  

Samples 10
-3
Mw 

a
 Mw/Mn 

b
 Purity (%) 

c
 

R-10 12.3 1.05 99.6 

R-20 18.4 1.05 99.6 

R-40 41.7 1.02 99.7 

R-60 59.8 1.02 99.9 

R-90 93.0 1.02 99.5 

R-240 244 1.02 99.6 

Estimated from 
a
MALS or SEC-MALS, 

b
SEC and 

c
IC measurements 
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3.3. Rheological data analyses 

Master curves of the dynamic storage and loss moduli, G′(ω) and G″(ω), were constructed by 

applying the time-temperature superposition (TTS) principle
8
 with the reference temperature Tref 

of 160 
o
C. First the data obtained at each temperature were vertically shifted by bT = ρ(Tref)Tref / 

ρ(T)T, where ρ(T) is the density for PS at temperature T, which estimated by the relationship: 

ρ(T) = 1.2503 – 6.05 × 10
-4

T.
9
 Subsequently, the data were horizontally shifted by aT, which is 

so-called temperature dependent shift factor, to attain the best fittings. For linear PSs, the 

following relationship of aT was obtained: log aT = -c1(T - Tref)/(c2 + T - Tref) with Tref = 160 
o
C = 

433.15 K, c1 = 6.3 and c2 = 112 K.
8
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3.4. Results and Discussion 

Figure 3-1 shows the master curves of the storage and loss moduli, G′(ω) and G″(ω), for six 

ring PSs, (a) R-10, (b) R-20, (c) R-40, (d) R-60, (e) R-90 and (f) R-240, compared with their 

linear counterparts. Figure 3-2 shows the temperature T dependence of the horizontal shift factors 

aT for (s) linear and (b) ring PSs. First of all, in Figure 3-1 and 3-2, the time-temperature 

superposition can hold for all ring samples in this study. After the rheological measurements, all 

ring samples were confirmed to show little chain degradations by SEC and IC measurements. 

 

Figure 3-1. Master curves of G′ (closed) and G″ (open) for ring PSs compared with those for the linear 

counterparts at Tref = 160 
o
C: (a) R-10, (b) R-20, (c) R-40, (d) R-60, (e) R-90 and (f) R-240. Reprinted 

with permission from ref. 1. 
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Figure 3-2. Temperature dependence of the horizontal shift factors aT for (a) linear and (b) ring PSs at 

Tref = 160 
o
C. Solid curves indicate the T dependence of aT for long linear PSs (Mw > 40 kg/mol). 

Reprinted with permission from ref. 1. 

 

In Figure 3-1, each ring PS shows clearly faster terminal relaxation than its linear counterpart 

within entire molecular weight range examined in this study. Moreover, linear PSs exhibit a clear 

rubbery plateau where their molecular weights are larger than the critical entanglement molecular 

weight Mc (= 36.0 kg/mol), while rings reveal no rubbery plateau even though their molecular 

weights are sufficiently larger than Mc for linear PSs. These results strongly suggest that the ring 

chains form little intermolecular entanglements and that they reveal completely different chain 

relaxation mechanisms from linear ones. 

In Figure 3-2 (a), linear PSs with higher molecular weight than 40 kg/mol exhibited common 

T dependence as represented by the solid curve; log aT = -c1(T - Tref)/(c2 + T - Tref) with Tref = 

433.15 K, c1 = 6.3 and c2 = 112 K.
8
 For linear PSs with lower molecular weight than 40 kg/mol, a 

correction was needed because of their low glass transition temperatures Tg depending on their 



 

Chapter 3 

40 

 

molecular weights. In contrast, T dependence of aT for ring PSs is apparently independent of their 

molecular weights and is similar to that for long linear PSs, as shown in Figure 3-2 (b). This 

result implies that aT for all ring PSs in this study are not necessary to correct, and in other words, 

Tg for the ring PSs are practically the same as those for long linear PSs, although accurate Tg 

values for rings in this study were not able to be obtained due to the limitation of the amount of 

the samples. Previous works also support the hypothesis that Tg for rings are constant without 

depending on the molecular weights.
10,11

 

To examine the relaxation mechanisms of ring polymers, the experimental dynamic moduli 

were compared with the model prediction. Since all rings in this study are considered to be 

less-entangled system, the Rouse ring prediction was performed.
4-7

 The predicted curves can be 

expressed by the following equations: 
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where ρ is the density of polystyrene (= 1.05 g/cm
3
), R is the gas constant (= 8.314 JK

-1
mol

-1
), T 

is the temperature at Kelvin unit, p is the mode number and τp is the pth Rouse relaxation time. In 

addition to the Rouse ring functions, the contribution from glassy mode is considered in G″ 

(G″glass = 10
1.85

ω) in eq (3-2) to discuss their dynamic behavior in a wide frequency range. In fact, 

the data up to ω = 10
4
 s

-1
 was treated in this study. The longest Rouse relaxation time for a ring 
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chain, τring, is defined as a quarter of that for a Rouse linear chain, τlinear, with the same molecular 

weight. The second-moment average relaxation time <τ>w for the Rouse linear chains is 

estimated to be 6.18 × Mw
2.0

 in ref. 1, and therefore <τ>w for the ideal Rouse ring chains can be 

calculated. The results of the Rouse ring prediction comparing with the experimental data are 

shown in Figure 3-3. 

In this figure, the experimental data for R-40 agree well with the calculated curves. This 

result suggests that ring molecules around this molecular weight range apparently behave as 

Rouse ring chains, which must basically follow the Gaussian chain distribution, although there is 

no guarantee that the rings in this study have the Gaussian chain conformation. In contrast to 

R-40, other ring samples reveal a clear deviation from the predicted curves in the terminal region. 

The experimental data, especially G′, for R-90 reveal slightly slower terminal relaxation than the 

curves calculated. Moreover, R-240 exhibits excessive relaxation delay compared with the 

prediction. In fact, the experimental <τ>w for R-240 is more than 30 times as large as that for the 

predicted Rouse ring. These results indicate that R-90 exhibits some small intermolecular 

interactions and that R-240 adopts well-entangled state, although their relaxation mechanisms 

must be totally different from those for the well-entangled linear chains. To the contrary, the 

small ring, R-20, exhibits apparently faster terminal relaxation compared with the Rouse ring 

prediction in Figure 3-3. This difference might be originated from the non-Gaussianity of the 

small rings’ conformation, which induces a change of the viscoelastic segment size. In fact, there 

is no necessity for ring polymers to follow the Gaussian chain conformation in a whole range of 

the molecular weights due to the absence of the chain ends. To confirm the ring chain 

conformation in bulk, further investigations such as small-angle neutron scattering (SANS) 

measurements are necessary. 
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Figure 3-3. Rouse ring model prediction curves (solid lines) of (a) G′ and (b) G″ for R-20, R-40, R-90 

and R-240, compared with the experimental data (open circles) at Tref = 160 
o
C. Reprinted with 

permission from ref. 1. 

 

From the master curves in Figure 3-1, two rheological parameters, i.e., the zero-shear 

viscosities, η0, and the steady-state recoverable compliances, Je, for all ring samples at Tref = 160 

o
C were estimated. Both parameters reflect the characteristic relaxation behavior in the terminal 

region, represented by the following equations: 

η0 = limω→0 G″(ω)/ω       (3-4) 

Je = (1/η0
2
) limω→0 (G′(ω)/ω

2
)       (3-5) 
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The rheologically important two parameters estimated in a manner as described in ref. 3 and the 

values obtained were summarized in Table 3-2. 

 

Table 3-2. Rheological parameters, η0 and Je, for ring PSs at Tref = 160 
o
C 

Samples η0×10
-3
 (Pa･s) Je×10

5
 (Pa

-1
) 

R- 10 0.246 ± 0.038 0.053 ± 0.015 

R- 20 0.261 ± 0.017 0.083 ± 0.022 

R- 40 0.643 ± 0.040 0.32  ± 0.065 

R- 60 1.19  ± 0.015 0.72  ± 0.080 

R- 90 1.73  ± 0.075 0.88  ± 0.123 

R-240 17.9   ± 2.25 12.1   ± 3.24 
 

 

   Figure 3-4 shows the molecular weight dependence of η0 for ring PSs, compared with the 

linear ones. In addition to our data, the data for two highly-purified ring PSs reported by 

Kapnistos et al.
3
 as well as those for linear PSs reported by other groups were also added to this 

figure. The details of the data by other groups were summarized in ref. 1. First of all in Figure 3-4, 

all rings exhibit clearly lower viscosities than the linear counterparts in the entire molecular 

weight range. Moreover, rings show different molecular weight dependence from linear chains, 

i.e., η0 for rings increase proportional to the molecular weights, η0 ~ Mw
1.0

 for Mw up to 90 kg/mol, 

which is approximately five times larger than the entanglement molecular weight Me (= 18.0 

kg/mol for linear PSs). This result suggests that the ring PSs whose molecular weights are smaller 

than 5Me apparently show the unentangled Rouse ring like behavior.
4-7

 In contrast, when the 

molecular weights are larger than 5Me, they show a drastic deviation from the dependence of the 
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Rouse-like mode. In fact, R-240 in this study exhibits almost ten times larger η0 than the Rouse 

prediction. This result strongly suggests that this large ring generates some intermolecular 

interactions, which is consistent with the result of comparison of the dynamic moduli in Figure 

3-3. 

 

Figure 3-4. Molecular weight dependence of η0 for ring PSs, compared with linear PSs at Tref = 160 
o
C. 

Details of the data reported by other groups are summarized in ref. 1. Reprinted with permission from 

ref. 1. 

 

Figure 3-5 shows the molecular weight dependence of Je for ring PSs, compared with the 

linear ones. Regarding the linear molecules, Je increase in proportional to the increase of Mw (Je ~ 

Mw
1.0

) up to 6Me, while they have a constant value (Je ≈ 1.2 × 10
-5

 Pa
-1

) at above 6Me. In contrast, 

rings apparently show different dependence from linear chains, and their dependence can be 

divided into three parts. (i) In a small Mw region (Mw < 20 kg/mol), rings have approximately half 

Je values of the linear counterparts. In the Rouse ring prediction, Je for rings should be half of 

that for linear counterparts,
4-7

 and therefore they apparently behave like Rouse rings. (ii) In an 
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intermediate Mw region (40 ≤ Mw ≤ 90 kg/mol), they show similar Je to the linear ones. The 

viscosities are in good agreement with the Rouse ring prediction, while their Je are not consistent 

with the model. (iii) The largest ring, R-240, shows an obviously high Je, i.e., almost 10 times 

larger Je than the linear counterparts. This result also indicates that this large ring generates some 

intermolecular interactions, which is probably much broader relaxation mode distribution and 

more cooperatively than those for the linear chains. 

 

Figure 3-5. Molecular weight dependence of Je for ring PSs, compared with linear PSs at Tref = 160 
o
C. 

Details of the data reported by other groups are summarized in ref. 1. Reprinted with permission from 

ref. 1. 

 

   From the above, it has been found that both η0 and Je for ring polymers strongly depend on 

their molecular weights, and that there are some inconsistencies. In terms of η0 and Je, small rings 

(Mw ≤ Me) apparently follow the Rouse ring prediction, while large rings (2Me ≤ Mw) show some 

disagreements with the model. In contrast, the dynamic moduli for rings with the moderate 

molecular weights (2Me ≤ Mw ≤ 5Me) apparently follow the Rouse ring model, while other rings, 
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i.e., both small and large rings, show a discrepancy between experimental and predicted data. 

Basically, there is no necessity that the Rouse ring model can be applied to the ring chains in a 

whole range of the molecular weights because their chain conformation is not guaranteed to 

follow the Gaussian distribution. To elucidate the chain relaxation mechanisms of ring polymers 

accurately, further investigations including both experimental and theoretical aspects are 

necessary. 

 

3.5. Conclusions 

   In this chapter, the viscoelastic properties of highly-purified ring PSs with wide molecular 

weight range were carefully investigated. All rings adopted in this study exhibit no rubbery 

plateau and faster terminal relaxation than the linear counterparts. The dynamic moduli for rings 

experimentally obtained were compared with those for the Rouse ring model. Rings with 

moderate molecular weights, 2Me ≤ Mw ≤ 5Me, are in good agreement with the predictions, while 

the other rings with both small and large molecular weights exhibit discrepancy between 

experimental and calculated data. Moreover, it turned out to be clear that two rheological 

parameters, i.e., η0 and Je for rings strongly depend on their molecular weights. The small rings 

with Mw of Mw ≤ Me give the Rouse model like behavior, although there is no necessity of 

agreement. Rings with moderate Mw (2Me ≤ Mw ≤ 5Me) show η0 supported by the Rouse ring 

prediction, but reveal Je of inconsistency with the model. The largest ring with Mw of 5Me < Mw 

exhibits clearly larger η0 and Je than the predicted values by the model, suggesting that some 

intermolecular interactions are generated. 
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Chapter 4 

Viscoelastic Properties of Tadpole-Shaped Polystyrenes 

 

Adapted with permission from 

Doi, Y. et al. Macromolecules 2015, 48, 8667-8674.
1
 

 

Abstract:   Viscoelastic properties of a series of highly-purified tadpole-shaped polystyrene 

(PS) samples having a common ring with Mw of 59.8 kg/mol and linear tails with three different 

lengths, Mw of 27.1, 68.9 and 122 kg/mol, respectively, were investigated. All tadpole samples 

revealed a rubbery plateau and remarkably slower terminal relaxation than the component ring 

and linear chains and also than the ring/linear blends. These results suggest that the tadpole 

chains spontaneously generate characteristic interactions such as an intermolecular ring-linear 

penetration. Moreover, the molecular weight dependence of two rheological parameters, i.e., the 

zero-shear viscosity, η0, and the steady-state recoverable compliance, Je, was discussed. Tadpole 

samples exhibited drastic viscosity enhancement compared with the simple linear chains when η0 

were plotted against their total molecular weight, Mw,total. Moreover, they revealed similar 

molecular weight dependence to the star polymers when η0 data were plotted against the 

molecular weight of a tail chain, Mw,tail, for tadpoles and that of one arm, Mw,arm, for stars. The 

molecular weight dependence of Je was also similar to that of stars instead of linear chains. These 

results strongly suggest that the relaxation mechanism of tadpoles is similar to that of star 

polymers, being well understood by the arm retraction model. These characteristic rheological 

properties of tadpoles must be originated from their unique architecture where a ring and a linear 

chain are introduced into one molecule. 
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4.1. Introduction 

Not only simple ring polymers, but also ring/linear blends are an intriguing subject of 

polymer dynamics. The rheological properties of ring/linear blends were recently investigated by 

both experiments
2
 and computer simulations.

3
 It was found that the dynamics of rings is very 

sensitive to the presence of linear chains, i.e., the ring sample exhibited a rubbery plateau when 

only less than a few percent of linear contaminations was included, and it revealed larger 

viscosity than the simple linear chain when substantial amount of linear chains are added to rings. 

These results strongly suggest that a new type of intermolecular entanglement i.e., ring-linear 

penetration spontaneously occur. 

Tadpole-shaped polymers have a unique chain architecture, where one or two linear chains 

are attached on a ring. They are expected to show some characteristic viscoelastic properties 

originated from the intermolecular ring-linear penetrations in addition to the effects of 

connectivity of a ring and linear chains. However, there are no examples of accurate investigation 

of rheological properties for tadpole-shaped polymers until now. 

In this chapter, viscoelastic properties of a series of highly-purified tadpole-shaped 

polystyrene (PS) samples having a common ring and linear tails with three different lengths were 

investigated. To elucidate the relaxation mechanism of the tadpole molecules, their dynamic 

moduli were compared with those for the component ring and linear chains and also the 

ring/linear blends. Moreover, the molecular weight dependence of the zero-shear viscosities, η0, 

and the steady-state recoverable compliances, Je, of the tadpoles was evaluated and discussed. 
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4.2. Experimental 

The molecular characteristics of a series of tadpole-shaped PSs are summarized in Table 4-1. 

Viscoelastic properties of tadpole-shaped polymers were evaluated in the same conditions as 

described in Chapter 3. 

 

Table 4-1. Molecular characteristics of a series of tadpole-shaped PSs 

Samples 10
-3

Mw 
a
 Mw/Mn 

b
 10

-3
Mw,tail 

a
 Mw/Mn,tail 

b
 Purity 

c
 

R-60 59.8 1.02 - - 99.9 

S-60/30 86.8 1.02 

27.1 1.02 

99.3 

T-60/30 114 1.02 99.5 

S-60/70 130 1.01 

68.9 1.02 

99.6 

T-60/70 192 1.01 99.6 

S-60/120 183 1.02 

122 1.03 

99.1 

T-60/120 300 1.02 99.7 

Estimated from 
a
SEC-MALS, 

b
SEC and 

c
IC measurements 
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4.3. Results and Discussion 

   Figure 4-1 shows the master curves of G′(ω) and G″(ω) for (a), (b) tadpole-60/30, (c), (d) 

60/70 and (e), (f) 60/120 series, while Figure 4-2 shows the temperature dependence of the 

horizontal shift factors aT for tadpole PSs. First of all in Figure 4-1 and 4-2, the time-temperature 

superposition can be hold for all tadpole samples in this study, and aT have almost similar 

dependence to those for linear PS with high molecular weights. After the rheological 

measurements, all tadpole samples were confirmed to be unbroken. 

 

Figure 4-1. Master curves of G′ and G″ for tadpole PSs compared with those for the component ring 

and linear PSs at Tref = 160 
o
C: (a), (b) tadpole-60/30, (c), (d) 60/70, (e), (f) 60/120 series. Reprinted 

with permission from ref. 1. 



 

Chapter 4 

52 

 

 

Figure 4-2. Temperature dependence of the horizontal shift factors aT for (a) linear and (b) ring PSs at 

Tref = 160 
o
C. Solid curves indicate the T dependence of aT for long linear PSs (Mw > 40 kg/mol). 

Reprinted with permission from ref. 1. 

 

In Figure 4-1, the dynamic moduli G
*
 in high ω regime for all tadpole PSs are in accordance 

with those for linear PSs, suggesting that the tadpoles have essentially the same viscoelastic 

segment size as the linear chains. Moreover, all tadpoles in this study exhibit a rubbery plateau 

and remarkably slower terminal relaxation than their component ring and linear chains. All three 

twin-tail tadpoles exhibit slightly slower terminal relaxations than the corresponding single-tail 

ones, although this difference may not be essential. 

From the master curves in Figure 4-1, the zero-shear viscosities, η0, and the steady-state 

recoverable compliances, Je, for tadpole samples at Tref = 160 
o
C were estimated in the same 

manner as chapter 3, and summarized in Table 4-1. To elucidate the relaxation mechanisms of the 

tadpole chains, the molecular weight dependence of these parameters is discussed in detail later. 

The plateau moduli, GN
0
, for tadpoles were determined from the G′ values where the loss tangent 

(tan δ) has a minimum, and they are also summarized in Table 4-2. 
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Table 4-2. Rheological parameters, η0 and Je, for tadpole PSs at Tref = 160 
o
C 

Samples η0×10
-3
 (Pa･sec) Je×10

5
 (Pa

-1
) GN

0
×10

-5
 (Pa) 

R- 60 1.19  ± 0.01 0.69  ± 0.08 - 

L-30 1.00  ± 0.02 0.30  ± 0.02 - 

S-60/30 6.45  ± 0.16 1.02  ± 0.01 1.38 

T-60/30 9.33  ± 0.17 1.01  ± 0.05 1.34 

L-70 12.5  ± 0.1 0.71  ± 0.03 2.06 

S-60/70 149  ± 3.1 1.65  ± 0.03 1.36 

T-60/70 260  ± 7.0 1.52  ± 0.01 1.80 

L-120 75.0  ± 3.2 0.96  ± 0.09 2.01 

S-60/120 1820  ± 63 2.21  ± 0.04 1.78 

T-60/120 2830  ± 93 2.38  ± 0.11 1.90 
 

 

The GN
0
 values for two linear tails, L-70 and L-120, are approximately 2.0 × 10

5
 Pa, while 

GN
0
 for tadpoles are relatively smaller than those for the linear ones and reveal weak molecular 

weight dependence. For tadpoles with short tails, their GN
0
 are approximately 70% of those for 

linear PSs, which may be originated from the insufficient formation of entangled networks due to 

the shortness of linear tail. In contrast, the tadpoles with long tails have almost similar GN
0
 values 

to the linear chains, suggesting that they form well-entangled network and their entanglement 

density is not much different from that of linear chains. From these results, the ring part as well 

as the linear part of tadpoles is considered to contribute to the formation of the entanglement 

networks. In other words, tadpole chains spontaneously form the intermolecular ring-linear 
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penetrations as schematically illustrated in Figure 4-3. This is because if the ring part of the 

tadpoles is not incorporated in the entanglements but just acts like diluents, their plateau moduli 

should considerably decrease. 

 

Figure 4-3. Schematic illustration of the intermolecular ring-linear penetration of single-tail tadpole 

molecules. Reprinted with permission from ref. 1. 

 

To examine the effect of the tadpole-shaped architecture on their dynamics, the rheological 

properties of tadpoles with those of the ring/linear blends are compared. In this study, two blend 

samples, R-60/L-70 and R-60/L-120, were prepared with the ratio of 50/50 and 33/67 mol %, 

which are corresponding to the molar ratio for single-tail and twin-tail, respectively. Figure 4-4 

shows the master curves of G′ and G″ for (a), (b) R-60/L-70 and (c), (d) R-60/L-120 blends, 

being compared with the corresponding tadpoles. In this figure, the rheological spectra for the 

ring/linear blends almost completely overlapped with those for the simple linear chains in a 

whole ω regime. The rheological parameters, η0, Je and GN
0
, for the blends were estimated from 

Figure 4-4 and summarized in Table 4-3. Both η0 and Je for the blends do not much differ from 

those for the simple linear chains. The moduli, GN
0
 for the blends are slightly lower than those for 

the linear chains and are close to those for tadpoles. These results imply that the intermolecular 

ring-linear penetrations occur also in the ring/linear blend system. Consequently, the tadpole 

chains relax much slower than the corresponding ring/linear blends. This suggests that the 

connection between a ring and a linear chain in one molecule induces a drastic change in the 

chain motion. The linear chain in the ring/linear blends can basically follow the reptation model 
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as with the simple linear chain. In contrast, the motion of the linear tail on tadpoles is restricted 

due to the existence of the ring on a chain end of the tail, which drastically delays its motion. 

 

Figure 4-4. Comparison of the dynamic moduli, G′ and G″, for tadpole PSs and the ring/linear PS 

blends at Tref = 160 
o
C: (a), (b) tadpole-60/70 and R-60/L-70 blends, (c), (d) tadpole-60/120 and 

R-60/L120 blends. Reprinted with permission from ref. 1. 

 

Table 4-3. Rheological parameters, η0 and Je, for the ring/linear PS blends at Tref = 160 
o
C 

Samples η0×10
-3
 (Pa･sec) Je×10

5
 (Pa

-1
) GN

0
×10

-5
 (Pa) 

L-70 12.5  ± 0.1 0.71  ± 0.03 2.06 

R-60/L-70 (50/50) 11.7  ± 0.1 0.89  ± 0.02 1.49 

R-60/L-70 (33/67) 14.6  ± 0.5 0.82  ± 0.05 1.78 

L-120 75.0  ± 3.2 0.96  ± 0.09 2.01 

R-60/L-120 (50/50) 73.2  ± 1.1 1.08  ± 0.05 1.64 

R-60/L-120 (33/67) 77.5  ± 2.3 1.14  ± 0.08 1.57 
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   To elucidate the relaxation mechanism of tadpole chains, the molecular weight dependence of 

two rheological parameters, η0 and Je, for tadpoles at Tref = 160 
o
C was discussed. In this study, 

these parameters were treated in two ways i.e., a function of (i) the total molecular weight 

(Mw,total) and (ii) the molecular weight of a linear tail of tadpoles (Mw,tail). The data were 

compared with those for linear, ring and star PSs. The data for linear and ring PSs were obtained 

from ref. 4, which includes old data reported by several groups, while those for 4-arm and 6-arm 

star PSs were used from the report by Graessley and Roovers in ref. 5. The reason for choosing 

star polymers as a reference is that they have some similarities with the tadpoles, i.e., both star 

and tadpole polymers have a single branch point in their structures, and their viscoelastic 

properties do not sensitively depend on the number of tails and arms. 

   Figure 4-5(a) shows η0 for tadpole PSs plotted against their total molecular weight in 

double-logarithmic scales. In this figure, both single-tails and twin-tails exhibit strong molecular 

weight dependence, i.e., drastic viscosity enhancement compared with the simple linear polymers 

in the same molecular weight range. This implies that the relaxation mechanism of the tadpoles is 

totally different from that of simple linear chains. This remarkable result must be an intrinsic 

feature of the present tadpole-type molecules, each of which includes a ring and a tail chain unit 

in the architecture. In Figure 4-3(b), η0 of tadpole PSs are plotted against the molecular weight of 

a linear tail chain. In the same way, η0 of 4-arm and 6-arm star PSs are plotted against the 

molecular weight of one arm, Mw,arm. Interestingly, the data points of tadpoles stay on the 

exponential curve of η0 for the stars. This result strongly suggests that the relaxation mechanism 

of tadpoles in this molecular weight range is similar to that of star polymers, whose dynamical 

motion being understood by the arm retraction model.
6-8
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Figure 4-5. Double-logarithmic plots of η0 versus (a) Mw,total and (b) Mw,tail for tadpole PSs at Tref = 160 
o
C. The data are compared with linears, rings and 4-arm and 6-arm star PSs. The details of this figure 

are described in ref. 1 and 4. Reprinted with permission from ref. 1. 

 

   Figure 4-6(a) and (b) show Je for tadpoles plotted against Mw,total and Mw,tail, respectively. In 

Figure 4-6(a), Je for tadpoles keep increasing with increase of the tail length. In fact, 

tadpole-60/70 and -60/120 show clearly larger Je values than the linear polymers. In Figure 

4-6(b), the tadpole-60/70 and 60/120 reveal similar Je values to the corresponding stars, while 

tadpoles-60/30 exhibit evidently larger Je than the corresponding stars. This is because tadpoles 
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have a ring chain in their architecture, and its contribution is not negligible (the ring R-60 itself 

has Je = 0.69 × 10
-5

 Pa
-1

) when linear tail chains become short. 

 

Figure 4-6. Double-logarithmic plots of Je versus (a) Mw,total and (b) Mw,tail of tadpole PSs at Tref = 160 
o
C. The data are compared with linears, rings and 4-arm and 6-arm star PSs. The details of this figure 

are described in ref. 1 and 2. Reprinted with permission from ref. 1. 

 

To confirm the similarity between the stars and tadpoles, their dynamic moduli in a whole ω 

regime were directly compared. A four-arm star PS sample, S141A (Mw,total = 521, Mw,arm = 130 
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kg/mol) was chosen as a reference sample from the previous data reported by Graessley et al. to 

compare its spectra with those for our tadpole sample, S-60/120 (Mw,total = 183, Mw,arm = 122 

kg/mol), because the molecular weight of one arm of the star is close to that of a tail of the 

present tadpole molecule. Figure 4-7 shows a comparison of the dynamic moduli for S-60/120 

and S-141A at Tref = 160 
o
C. The master curves of S141A are almost perfectly overlapped with 

those for S-60/120 in a whole ω regime adopted. A small difference is observed in the terminal 

region, i.e., the terminal relaxation of the star is a little slower than that of the tadpole, which is 

probably due to the small difference in between Mw,arm and Mw,tail. Except for this small 

difference, the result in Figure 4-7 strongly supports that the relaxation mechanism of tadpole 

chains in this molecular weight range is in the same manner as that of star polymers. 

 

Figure 4-7. Comparison of the dynamic moduli, G′ and G″, for the single-tail PS, S-60/120 and the 

four-arm star PS, S141A at Tref = 160 
o
C. Reprinted with permission from ref. 1. 

 

   Now there is an open question why the tadpole chains follow the relaxation mechanism like 

star polymers. This is probably due to the occurrence of the spontaneous ring-linear penetration 

between tadpole chains as schematically illustrated in Figure 4-3, which induces remarkable 

restriction of the motion for the ring part as well as the chain end of a linear tail attached on the 
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ring. In other word, if the ring part of tadpoles does not concern any intermolecular interactions, 

their characteristic star-like relaxation behavior would be expressed. Figure 4-7 shows a good 

evidence to support a hypothesis for the following reason. The tadpole sample, S-60/120, may be 

regarded as an asymmetric three-arm star polymer with two short arms (Mw,short = 59.8/2 = 29.9 

kg/mol) and one long arm (Mw,long = 122 kg/mol), if a ring part of the tadpole is cut into two 

chains with the same length and they do not interact with each other due to the small molecular 

weight. In this case, the asymmetric star should show much faster relaxation than the symmetric 

stars with the long arms, which corresponds to S141A in Figure 4-7, because two short arms of 

the asymmetric star can relax much faster than the other long arm and they dilute the remaining 

entanglements. Such behavior of asymmetric stars was already revealed experimentally by 

several groups.
9,10

 If a ring part of the tadpole S-60/120 does not show any intermolecular 

interactions like two short arm chains of the asymmetric star, this molecule should relax faster 

than the symmetric star. Nevertheless, S-60/120 exhibits almost the same rheological spectra with 

S141A as mentioned above. This result supports that the intermolecular ring-linear penetration is 

evidently generated for tadpole chains to exhibit their star-like relaxation. Moreover, it can be 

considered that the relaxation of the ring part threaded by other linear tails occurs only when the 

ring is released from the threading. In other words, the relaxation of ring part occurs 

simultaneously with that of the linear tails. 

 

4.4. Conclusions 

   In this chapter, the viscoelastic properties of a series of highly-purified tadpole-shaped PSs 

were investigated. It has been found that all tadpole samples used in this study exhibited a 

rubbery plateau and slower terminal relaxation than the component ring and linear chains and 
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also than the ring/linear blends. These results suggest that the tadpole chains spontaneously 

generate characteristic interactions such as an intermolecular ring-linear penetration. Moreover, 

the molecular weight dependence of η0 for tadpoles was highly interesting, i.e., they exhibited a 

drastic viscosity enhancement compared with the simple linear chains when η0 data were plotted 

against Mw,total, while they revealed similar molecular weight dependence to the star polymers 

when η0 were plotted against Mw,tail and Mw,arm. The molecular weight dependence of Je was also 

similar to that of stars instead of linear polymers. From these results, the relaxation mechanism of 

tadpole chains is considered to be taken place in the same manner as that of star polymers, which 

can be described by the arm retraction model, coupled with the intermolecular ring-linear 

penetrations of tadpole chains. 
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Chapter 5 

Viscoelastic Properties of Comb-Shaped Ring Polystyrenes 

Abstract:   Viscoelastic properties of a series of comb-shaped ring polystyrene samples, named 

RC, with the different branch chain length were investigated. It has been found that the dynamic 

moduli for RC samples are mainly composed of two terms originated from the relaxation of 

branches and that of the backbone. Moreover, the relaxation of branches for RC samples is 

similar to that for the corresponding linear comb molecules, LC, while the relaxation of the 

backbone for RC is clearly faster than that for the LC. From these results, the difference in the 

backbone chain architecture directly affects the viscoelastic properties of the comb-shaped 

polymers. Moreover, dynamic moduli for short branch systems with no entanglements were 

compared with the model predictions. It has been found that the dynamic moduli experimentally 

obtained can be described by the simple sum of the Rouse-Ham and Rouse models when any 

entanglements do not occur. 
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5.1. Introduction 

   Branched polymers are conceived to reveal some unique properties based on their 

characteristic structures.
1,2

 In a viewpoint of the polymer dynamics, they are known to exhibit 

hierarchical relaxation originated from their hierarchical branch structures.
3
 Most of the branched 

polymers are composed of polymer segments with chain ends, and hence it is rare to introduce 

ring structure into branched polymers. Comb-shaped ring polymers are one of the models with 

regularly branched structure consisting of two kinds of chains, i.e., many branched chains and a 

ring backbone. Thus, by adopting a ring chain as a comb backbone, a new type of branched 

polymer can be created, which can represent the properties of both ring backbone and branched 

linear chains. 

In this chapter, the viscoelastic properties of a series of comb-shaped ring polystyrene (PS) 

samples having a common ring backbone and linear branches with different lengths were 

evaluated in comparison with those for the linear counterparts. Their dynamic moduli obtained 

were compared with some model predictions. 
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5.2. Experimental 

The molecular characteristics of a series of comb-shaped ring PS samples (RC) and their 

linear counterparts (LC) are summarized in Table 5-1. Viscoelastic properties of the comb-shaped 

samples were evaluated in the same manner as described in the previous chapters. 

 

Table 5-1. Molecular characteristics of a series of LC and RC samples 

Samples 10
-3
Mw 

a
 Mw/Mn 

b
 10

-3
Mw,br 

a
 f 

c
 

LC-20 491 1.02 20.2 21 

RC-20 434 1.03 19.2 19 

LC-40 1070 1.05 41.5 24 

RC-40 929 1.04 41.5 21 

LC-80 1630 1.07 75.9 21 

RC-80 1100 1.14 75.9 14 

Estimated from 
a
SEC-MALS and 

b
SEC measurements. 

c
f: the number of branches calculated from f = 

(Mw – Mw,bb)/Mw,br. 
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5.3. Results and Discussion 

   Figure 5-1 shows the master curves of G′(ω), G″(ω) and tanδ for (a) RBB-70, (b) RC-20, (c) 

RC-40 and (d) RC-80, compared with the corresponding linear counterparts. In Figure 5-1(a), 

LBB-70 exhibits a clear rubbery plateau, while RBB-70 exhibits no rubbery plateau, even though 

they have the same molecular weights. The similar result for trivial rings was already reported in 

chapter 3. 

In Figure 5-1(b)-(d), it was found that both LC and RC samples exhibit slower terminal 

relaxation as the branch chains become longer. Moreover, three LC samples reveal a common 

characteristic viscoelastic feature: loss tangents (tanδ) for LC samples show a minimum and an 

inflection point. This suggests that the LC samples have two distinctive relaxation modes, where 

the multiple branch chains relax fast and the diluted backbone relaxes later. Such behavior for 

comb-shaped polymers is already known well.
3-6

 The minimum of tanδ for RC samples is 

observed at similar ω position with that for the corresponding LC, suggesting that the relaxation 

behavior of branch chains is basically the same between LC and RC. This is probably reasonable 

because the number and length of branch chains of RC samples are similar to those of the 

corresponding LC. In contrast, a clear difference is observed in tanδ of LC and RC in low ω 

regime, i.e., the terminal relaxation of RC samples clearly is faster than that of the corresponding 

LC samples and the relaxation intensity of the ring backbone in RC samples is too weak to be 

seen in the tanδ spectra. From the above, the difference in the backbone chain architecture 

directly affects the viscoelastic properties of the comb-shaped polymers. 
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Figure 5-1. Master curves of G′ and G″ (top), and tanδ (bottom) for  (a) RBB-70, (b) RC-20, (c) 

RC-40 and (d) RC-80, compared with the corresponding linear counterparts at Tref = 160 
o
C. The solid 

and dotted arrows indicate the lowest and inflection points, respectively. The moduli for linear ones are 

vertically shifted by a factor of A = 1. 
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Moreover, the experimental dynamic moduli are compared with the theoretical predictions. 

The moduli of comb samples, G
*

comb(ω), may be written as a simple summation of three terms 

originated from the relaxation of the glassy mode, the branches and the backbone as follows: 

G
*

comb(ω) = G
*

glass(ω) + G
*

br(ω) + G
*

bb(ω)     (5-1) 

If there are not any entanglements in the systems, G
*

br(ω) and G
*

bb(ω) can be described by the 

Rouse-Ham and the Rouse models, respectively, as follows:
7,8
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where ρ is the density for PS, R is the gas constant, p is the mode number, τp is the pth relaxation 

time, Φbr is the volume fraction of the branches and Φbb,eff is the effective volume fraction of the 

backbone (= k × Φbb). Figure 5-2(a) shows results of the theoretical prediction of the ring 

backbone by using eq.(5-3-2), while Figure 5-2(b) shows that of LC-20 and RC-20 by the 

combination of the above equations, all of which can be considered as unentangled systems. The 

parameters used in this prediction were summarized in Table 5-2. The contribution of the glassy 

mode is considered as G″(ω) = 10
1.9
ω for all samples. 

The experimental data for both LC-20 and RC-20 shows good agreement with the theoretical 

predictions. Therefore, it has been found that the dynamic moduli for the comb-shaped ring 
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polymers with short branches without any entanglements can be described by the simple sum of 

the Rouse-Ham (the relaxation of branches) and Rouse models (that of the backbone). 

 

Figure 5-2. Comparison of experimental data and theoretical predictions of G′ and G″ for (a) R-BB and 

(b) RC-20, compared with the linear counterparts at Tref = 160 
o
C. 

 

Table 5-2. Parameters used in the fitting in Figure 5-2 

Samples ρ (g/cm
3
) <τbr>w (sec) <τtotal>w (sec) k 

RBB-70 1.05 - 0.010 - 

LC-20 1.05 0.016 1.62 2.0 

RC-20 1.05 0.011 0.30 2.0 
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5.4. Conclusions 

   In this chapter, viscoelastic properties of a series of comb-shaped ring PS, RC, samples with 

the different branch chain length were investigated. It has been found that the dynamic moduli for 

RC are mainly composed of two terms originated from the relaxation of branches and that of the 

backbone. Moreover, the relaxation of branches for RC samples is similar to that for the 

corresponding linear counterparts, LC, while the relaxation of the backbone for RC is clearly 

faster than that for the LC. From these results, the difference in the backbone chain architecture 

directly affects the viscoelastic properties of the comb-shaped polymers. Furthermore, dynamic 

moduli for short branch systems with no entanglements were compared with model predictions. It 

has been found that the dynamic moduli experimentally obtained can be described by the simple 

sum of the Rouse-Ham and Rouse models when any entanglements do not occur. 
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Chapter 6 

Viscoelastic Properties of Dumbbell-Shaped Polystyrenes 

Abstract:   Viscoelastic properties of a dumbbell-shaped polystyrene sample, where rings with 

Mw of 33.7 kg/mol were attached on both ends of a linear chain with Mw of 241 kg/mol, were 

investigated. It has been found that the dumbbell polymer exhibits an extremely long rubbery 

plateau and does not reach the terminal region within the measurement range adopted. This 

behavior is similar to that of cross-linked polymers, strongly suggesting that the dumbbell chains 

form a new type of entangled network. That is, two ring parts on a dumbbell chain were 

penetrated by the other chains, and hence the chain can behave as a bridge of at least two chains. 

A larger fraction of dumbbell molecules may participate in this mutual penetration, and 

consequently the whole system actually forms three-dimensional network (cf. Figure 6-4 in page 

76). The characteristic viscoelastic properties mentioned above must be originated from the 

unique chain architecture, i.e., the target molecule has no chain ends but have one ring each on 

both ends. 
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6.1. Introduction 

   As mentioned in the previous chapters, polymer dynamics is closely related to the polymer 

chain architecture. In particular, the presence or absence of chain ends gives a significant 

influence, i.e., ring polymers has much less intermolecular entanglement than the corresponding 

linear ones.
1,2

 Moreover, it has been found that ring/linear coexisting systems such as 

tadpole-shaped polymers
3
 generate some synergetic effects of entanglements due to the 

intermolecular ring-linear penetrations. 

   Dumbbell-shaped polymer has a unique chain architecture, where rings are attached on both 

ends of a linear chain. Namely, this polymer has both ring and linear unit, but possesses no chain 

ends in its structure. Therefore, the dumbbell chain may be conceived to exhibit less entangled 

behavior similar to simple rings due to the absence of chain ends. In contrast, it may exhibit some 

intermolecular interactions such as tadpole-shaped polymers. Thus examining the rheological 

properties of dumbbell polymers must be important to understand further the relation between the 

polymer chain architecture and its dynamics. 

   In this chapter, the viscoelastic properties of a dumbbell-shaped polystyrene (PS) sample 

were investigated, and they were compared with those for its component chains. 
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6.2. Experimental 

The molecular characteristics of two dumbbell-shaped PSs are summarized in Table 6-1. 

Viscoelastic properties of the comb-shaped samples were evaluated in the same manner as 

described in previous chapters. Since the amount of D-30/80/30 was limited (~ 5 mg), its 

viscoelastic properties could not be evaluated, and only those of D-30/240/30 were investigated. 

 

Table 6-1. Molecular characteristics of dumbbell-shaped polystyrenes 

Samples 10
-3
Mw 

a
 10

-3
Mw,ring 

a
 10

-3
Mw,linear 

a
 Mw/Mn 

b
 Purity 

c
 

D-30/80/30 147 

33.7 

84.0 1.01 ~ 99% 

D-30/240/30 301 241 1.01 ~ 99% 

Estimated by (a) SEC-MALS, (b) SEC and (c) IC measurements 
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6.3. Results and Discussion 

   Figure 6-1 shows the master curves of (a) G′(ω), G″(ω) and (b) tanδ for D-30/240/30, 

compared with those for the ring and linear components, R-30 and L-240. First of all, the moduli 

for the dumbbell in high ω regime (ω = 10
-3

-10
-5

 s
-1

) are clearly lower than those for the 

components, although their tanδ are in good agreement in this ω regime. This is probably because 

the dumbbell sample did not melt even at a high temperature (~190 
o
C), and therefore it did not 

fully cover the plates of the geometry when it was set on the rheometer. Therefore, the moduli for 

D-30/240/30 were vertically shifted to fit those for L-240 in high ω regime, because they are 

thought to be basically coincident. The result after correction is shown in Figure 6-2. The 

dumbbell polymer exhibits an extremely long rubbery plateau and does not reach the terminal 

region within the measurement range, even though its component, L-240, shows a clear terminal 

relaxation in the same ω regime. This behavior is like a cross-linked polymer, and the existence 

of two small rings attached on both ends of the long linear chain must cause it. 
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Figure 6-1. Master curves of (a) G′ and G″, and (b) tanδ for dumbbell PS, D-30/240/30 (red), compared 

with those for the component linear and ring PS, L-240 (blue) and R-30 (green), at Tref = 160 
o
C. 

 

 

Figure 6-2. Master curves of G′ and G″ for D-30/240/30 (red) compared with L-240 (blue) at Tref = 160 
o
C. The data for D-30/240/30 is vertically shifted by a factor of A = 0.23. 
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After the rheological measurements, SEC measurement of D-30/240/30 was performed to 

check whether the chain degradations or the cross-linking occur. The result is shown in Figure 

6-3. Although the peak shape becomes marginally broad, the sample is not essentially broken and 

cross-linked after the measurements. 

 

Figure 6-3. SEC chromatograms of D-30/240/30 (a) before and (b) after rheological measurements. 

 

   From the above results, this dumbbell polymer is considered to form a novel type of 

entanglement network, where one dumbbell chain spontaneously penetrates the ring part of other 

chain, and most of the chains generate this kind of penetration one after another, as schematically 

illustrated in Figure 6-4. 
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Figure 6-4. Schematic illustration of entangled dumbbell polymer network. 

 

Now there is an open question why this dumbbell polymer forms such characteristic network. 

This is probably because the rings of the dumbbell polymer are more stable when they are 

threaded by other chains, than when they do not have any intermolecular interactions and 

therefore they are isolated,
1,2

 in terms of the chain conformation in bulk. Lastly, it should be 

noted that the conformation of the dumbbell chains in bulk is completely different from that in 

dilute solution, where they tend to behave as a single molecule, as shown in Figure 5-6. This is 

another interesting topic of the dumbbell polymers. 
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6.4. Conclusions 

   In this chapter, the viscoelastic properties of a dumbbell-shaped PS, D-30/240/30 were 

investigated. It has been found that the dumbbell polymer exhibits an extremely long rubbery 

plateau and does not reach the terminal region within the measurement range adopted, which is 

just like cross-linked polymers. This is probably because the dumbbell chains form a new type of 

entangled network. That is, two ring parts on a dumbbell chain were penetrated by the other 

chains, and hence the chain can behave as a bridge of at least two chains. A larger fraction of 

dumbbell molecules may participate in this mutual penetration, and consequently the whole 

system actually forms three-dimensional network. Thus, it can be concluded that dumbbell 

polymers can exploit a possibility to generate a new type of intermolecular ring-linear 

interactions. 
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Chapter 7 

Summary 

   In this thesis, ring polymers and ring-based polymers with various architectures were 

precisely prepared by anionic polymerizations followed by multistep HPLC fractionations, and 

their viscoelastic properties were carefully investigated. The relation between chain architectures 

having featured ring partial chains and their dynamics was extensively examined and clarified. 

   In chapter 1, general introduction for physical properties of polymers based on their chain 

architectures, especially focusing on ring polymers, was given. 

   In chapter 2, highly-purified three kinds of ring-based polymers, tadpole-shaped, 

dumbbell-shaped and comb-shaped ring polystyrenes, in addition to simple ring polymers were 

precisely prepared by anionic polymerizations followed by multistep HPLC fractionations. All of 

the samples obtained were characterized by SEC-MALS and IC measurements and were 

confirmed to have definite architectures with extremely high purity over 99%. 

   In chapter 3, the viscoelastic properties of highly-purified ring PSs with wide molecular 

weight range were investigated. All rings treated in this study exhibited no rubbery plateau and 

faster terminal relaxation than the linear counterparts. Their relaxation parameters, i.e., the 

zero-shear viscosities, η0, and the steady-state recoverable compliances, Je, strongly depend on 

their molecular weights, whose range can be divided into three categories, i.e., (1) small rings 

with Mw of Mw ≤ Me apparently followed the Rouse ring model, (2) for moderate size rings with 

Mw of 2Me ≤ Mw ≤ 5Me, their viscosities agreed with the model, while their compliances were 

inconsistent with the model, (3) the largest ring with Mw of 5Me < Mw revealed sufficiently larger 
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η0 and Je values than those of the prediction, suggesting that the ring generates some additional 

intermolecular interactions. 

In chapter 4, the viscoelastic properties of a series of highly-purified tadpole-shaped PSs were 

investigated. All tadpole samples adopted in this study exhibited slower terminal relaxation than 

the component ring and linear chains, suggesting that the tadpole chains spontaneously generate 

characteristic interactions such as an intermolecular ring-linear penetration. Moreover, it has been 

confirmed that they revealed a drastic viscosity enhancement, indicating that their relaxation 

mechanism is similar to that of star polymers. 

In chapter 5, viscoelastic properties of a series of comb-shaped ring PSs were studied by 

comparing with those for the linear counterparts. All comb samples used in this study have been 

found to exhibit two kinds of relaxation modes, originated from the branched chains and the 

backbone chain. The terminal relaxation of comb-shaped rings was faster than the corresponding 

linear combs due to the difference in the backbone chain architecture. Moreover, the dynamic 

moduli of comb samples can be described by the simple sum of the Rouse-Ham and Rouse 

models when any entanglements do not occur. 

In chapter 6, the viscoelastic properties of a dumbbell-shaped PS were investigated. The 

dumbbell polymer with a long middle linear chain exhibited an extremely long rubbery plateau 

similar to a cross-linked polymer and it did not reach the terminal region within the measurement 

range. This is probably because the dumbbell chains formed a new type of entanglement network, 

where two ring chains on a dumbbell molecule were deeply penetrated by the other chains, and 

hence the whole system can form three-dimensional network. 
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