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a b s t r a c t

Cyclization reaction products by the end-to-end ring closure of telechelic polystyrenes (PSs) with
molecular weight of 47 k and 380 k in THF (good solvent) and also in cyclohexane (poor solvent) were
characterized by SEC connected with multi-angle light scattering (MALS). By comparison of the SEC
peaks of the monomeric rings from 47 k-PSs in THF and cyclohexane, there is no essential difference both
in molecular weight and in molecular weight distribution between the two monomeric rings formed. On
the other hand, comparing the data for monomeric rings from 380 k-PSs in THF and cyclohexane by SEC–
MALS, it has been found that the ring formed in cyclohexane has the same molecular weight as that of
the ring formed in THF, while the former reveals the lower radius of gyration than that of the ring formed
in THF. These results clearly indicate the evidence of the formation of knotted ring polymers by exper-
iment for the first time.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Over the past several decades, a lot of studies on ring polymers
have been extensively pursued theoretically [1–7] and experi-
mentally [8–26], because they are of great interest in investigation
of topological effect on their physical properties. Ring polymers are
usually prepared by the end-to-end ring closure reactions of
bifunctional polymers. Once a ring polymer is formed, its topo-
logical state of a polymer chain is permanently fixed. If long and
flexible chains are cyclized, the cyclization products formed may
possibly contain various topological isomers such as trivial rings,
knotted rings, etc. A number of theoretical and simulation studies
about knotted ring polymers [27–35] have been reported so far,
while little has been performed about experimental works for
knotted rings except for the synthesis using ring DNA. Observation
of knotted DNA was carried out [36], however DNA is regarded as
rigid chain due to inter- or intra-molecular interaction by
complementary base pairs. To clarify topological effects on polymer
chain behavior without the inter- and/or intra-molecular interac-
tions, knotted ring polymers consisting of flexible chain should be
used. In previous results on the synthesis of ring polymers
including our studies, possibilities of formation of knotted ring
polymers have scarcely been mentioned [13]. It is considered that
a knot in a polymer chain is formed by at least three self-
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entanglements, therefore, very long precursor polymers have to be
cyclized to realize the synthesis of knotted rings, which should be
generally very difficult. We have recently succeeded in the prepa-
ration of ring polystyrenes with molecular weight over 500 k [26],
using the highly skilled synthetic technique where a formation of
knotted ring polymer might be possible. In this study, we have tried
to synthesize the ring polystyrenes with high molecular weights
under good and poor solvent conditions, and the evidence of the
formation of knotted ring polymers in the cyclization reaction
products obtained was presented using SEC with high resolution
connected with multi-angle light scattering (MALS).

2. Experimental section

2.1. Materials

Two telechelic polystyrenes (PSs) having 1,1-diphenylethylene-
type vinyl groups at both ends with the molecular weight of 47 k
and 380 k were synthesized by anionic polymerization as reported
previously [24,26]. The telechelic polymers were diluted with THF
as a good solvent and also with cyclohexane as a poor solvent at
concentration of ca. 0.1% for 47 k-PS and ca. 0.05% for 380 k-PS.
Potassium naphthalenide as a cyclization reagent was added into
the solutions of the telechelic PSs and stirred for 12 h. The reaction
temperature was 25 �C in THF and 30 �C in cyclohexane. The
obtained product was precipitated into an excess amount of
methanol to remove naphthalene and the other chemical residues,
and freeze-dried.
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2.2. Analyses

The SEC system was consisted of a HPLC pump, a DP-8020 of
Tosoh Ltd., a RI detector, RI-8020 of Tosoh Ltd., and a Rheodyne
7125 injector equipped with a 100 mL sample loop. A set of six
polystyrene gel columns (G5000HHR� 3 and G4000HHR� 3) of
Tosoh Ltd. was used for the higher resolution analysis. The eluent
used was THF and the flow rate was 1.0 mL/min. The column
temperature was kept at 40 �C by a column oven, CO-8020 of Tosoh
Ltd. Furthermore, MALS detector, DAWN EOS enhanced optical
system of Wyatt Technology (Wavelength of the laser light is
690 nm, and temperature of light scattering cell is kept at 25 �C)
was connected to the SEC system described above for SEC–MALS
measurements.
Fig. 1. SEC chromatograms of linear precursor (black line), cyclization reaction prod-
ucts in THF (red line) and that in cyclohexane (blue line) of PS with molecular weight
of 47 k (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).
3. Results and discussion

Table 1 lists molecular characteristics of two telechelic PSs. Fig. 1
shows SEC chromatograms of the telechelic PS (black curve) with
molecular weight of 47 k, its cyclization reaction products in THF
(red curve) and that in cyclohexane (blue curve).

In the chromatograms of two cyclization products, the higher
molecular weight polycondensates are produced at the elution
volume ranging from 30 mL to 34.4 mL, and the ring polymer
appears at the elution volume of 35.6 mL, furthermore linear
precursor polymer is remained at 35.0 mL as a small shoulder or
a small peak. In Fig. 1, the locations of peak tops in chromatographs
are clearly revealed by broken lines, where monomeric linear
polymer is named as L1, and dimeric linear condensate is also
named as L2, and so on. In the same manner a monomeric ring
polymer and dimeric ring condensate are named as R1, R2, as well.
Focusing on the monomeric ring polymer formed in the two
cyclization products, the peaks are mostly overlapping, and hence
have same molecular weight distribution. The result indicates that
ring polymers formed in good and poor solvents are consisted of
the same polymer species, they could be pure trivial rings. A
computer simulation predicted that trivial ring polymer is prefer-
entially formed by cyclization of linear precursor in good solvent
condition [29], but the result must be applicable to the one cyclized
in the theta solvent condition.

On the other hand Fig. 2 shows SEC chromatograms of the tel-
echelic PS with molecular weight of 380 k, and its cyclization
reaction products in THF and cyclohexane, the colors of three
curves being the same as those applied for Fig. 1.

Comparing the chromatograms of two cyclization products, the
polycondensates are produced at the elution volume ranging from
29 mL to 35 mL, and the ring polymer appears at the elution
volume of ca. 36.8 mL, and linear precursor polymer is remained at
35.6 mL. Focusing on the monomeric ring polymer formed in the
two cyclization products again, two peaks are not overlapping
completely, and the ring polymer formed in poor solvent has
distributed to slightly lower molecular weight and hence has
slightly wider molecular weight distribution than the ring formed
in a good solvent. This result indicates that the cyclized polymer
produced in a poor solvent contains components with small
hydrodynamic volume. To measure the absolute molecular weights
Table 1
Molecular characteristics of telechelic polymers.

Sample code 10�3 Mw
a Mw/Mn

b

PS-47 k 47 1.02
PS-380 k 380 1.08

a Determined by light scattering.
b Determined by SEC.
(Mws) and the radii of gyrations (Rgs) of the monomeric ring
polymers formed in good and poor solvents, SEC–MALS experi-
ments were carried out as shown in Fig. 3.

Fig. 3(a) shows the SEC chromatograms and the corresponding
molecular weights of cyclization reaction products prepared in two
solvents. Comparing molecular weights between linear precursors
appeared at the elution volume of 35.6 mL and those of the rings
appeared at 36.8 mL, two ring polymers have exactly the same
absolute molecular weight as the linear precursors. Therefore it was
confirmed that these ring polymers were formed from linear
precursors by successful intramolecular end-to-end ring closure
reactions. On the other hand, Fig. 3(b) compares the SEC chro-
matograms and radii of gyration of cyclization reaction products in
two solvents. Comparing radii of gyration between the ring poly-
mer formed in THF (red data) and that formed in cyclohexane (blue
data), the ring polymer formed in cyclohexane have definitely
smaller Rg than the ring formed in THF particularly at the higher
elution volume region around 37 mL. By combining the results
obtained from Fig. 3(a) and 3(b), the ring molecule formed in
cyclohexane has smaller chain dimension than that in THF, while
the molecular weight is exactly the same. In another words, if we
compare ring molecules with the same radii of gyration prepared in
Fig. 2. SEC chromatograms of linear precursor (black line), cyclization reaction prod-
ucts in THF (red line) and that in cyclohexane (blue line) of PS with molecular weight
of 380 k (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).



Fig. 3. SEC chromatograms of cyclization reaction products and (a) absolute molecular weight (Mws) and (b) radii of gyration (Rgs) of linear/ring products in THF (red) and
cyclohexane (blue) determined by SEC–MALS (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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two solvents, their molecular weights are evidently different each
other. Hence we can show the direct evidence of the formation of
knotted ring polymer with high molecular weight by the intra-
molecular coupling in poor solvent condition.

Acknowledgement

The authors thank Mr. Masahide Nakamura of Shoko Co., Ltd. for
his help in measurement of MALS. We also thank Professor Tetsuo
Deguchi of Ochanomizu University and Professor Takahiro Sato of
Osaka University for their helpful discussion and suggestions.

References

[1] Kramers HA. J Chem Phys 1946;14:415.
[2] Zimm BH, Stockmayer WH. J Chem Phys 1949;17:1301.
[3] Casassa EF. J Polym Sci Part A 1965;3:605.
[4] Burchard W, Schmidt M. Polymer 1980;21:745.
[5] Prentis JJ. J Chem Phys 1982;76:1574.
[6] Douglas JF, Freed KF. Macromolecules 1984;17:2344.
[7] Cates ME, Deutsch JM. J Phys 1986;47:2121.
[8] Higgins JS, Dodgson K, Semlyen A. Polymer 1979;20:553.
[9] Hild G, Kohler A, Remmp P. Eur Polym J 1980;16:525.

[10] Geiser D, Hoeker H. Macromolecules 1980;13:653.
[11] Vollmert B, Huang J. Makromol Chem Rapid Commun 1980;1:333.
[12] Vollmert B, Huang JX. Makromol Chem Rapid Commun 1981;2:467.
[13] Roovers J, Toporowski PM. Macromolecules 1983;16:843.
[14] Roovers J. Macromolecules 1985;18:1359.
[15] Roovers J. J Polym Sci Polym Phys Ed 1985;23:1117.
[16] Hadziioannou G, Cotts PM, ten Brinke G, Han CC, Lutz P, Strazielle C, et al.

Macromolecules 1987;20:493.
[17] Mills PJ, Mayer JW, Kramer EJ, Hadziioannou G, Lutz P, Strazielle C, et al.

Macromolecules 1987;20:513.
[18] Roovers J. Macromolecules 1988;21:1517.
[19] Roovers J, Toporowski PM. J Polym Sci Part B 1988;26:1251.
[20] Rique-Lurbet L, Schappacher M, Deffieux A. Macromolecules 1994;27:6318.
[21] Kubo M, Hayashi T, Kobayashi H, Tsuboi K, Itoh T. Macromolecules

1997;30:2805.
[22] Dong D, Hogen-Esch TE. 007. e-Polymers 2001.
[23] Lepoittevin B, Perrot X, Masure M, Hemery P. Macromolecules 2001;34:425.
[24] Takano A, Nonaka A, Kadoi O, Hirahara K, Kawahara S, Isono Y, et al. J Polym

Sci Part B Polym Phys 2002;40:1582.
[25] Arrighi V, Gagliardi S, Dagger AC, Semlyen JA, Higgins JS, Shenton MJ.

Macromolecules 2004;37:8057.
[26] Cho D, Masuoka K, Koguchi K, Asari T, Takano A, Matsushita Y. Polym J 2005;

37:506.
[27] des Cloizeaux J. J Phys Lett 1981;42:L433.
[28] Koniaris K, Muthukumar M. Phys Rev Lett 1991;66:2211.
[29] Deguchi T, Tsurusaki K. Phys Rev E 1997;55:6245.
[30] Deguchi T, Tsurusaki K. In: Suzuki S, editor. Lectures at knots96. Singapore:

World Scientific; 1997. p. 95.
[31] Deutsch JM. Phys Rev E 1999;59:R2539.
[32] Grosberg AY. Phys Rev Lett 2000;85:3858.
[33] Shimamura MK, Deguchi T. Phys Rev E 2002;65:051802.
[34] Shimamura MK, Deguchi T. J Phys A Math Gen 2002;35:L241–6.
[35] Moore NT, Grosberg AY. Phys Rev E 2005;72:061803.
[36] Wolfson JS, McHugh GL, Hooper DC, Swartz MN. Nucleic Acids Res 1985;

13:6695.


	SEC-MALS characterization of cyclization reaction products: Formation of knotted ring polymer
	Introduction
	Experimental section
	Materials
	Analyses

	Results and discussion
	Acknowledgement
	References


