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Abstract

We have measured the linear rheology of critically purified ring polyisoprenes, polystyrenes and
polyethyleneoxides of different molar masses. The ratio of the zero-shear viscosities of linear
polymer melts 7 jinear t0 their ring counterparts 7 ring at isofrictional conditions is discussed as
function of the number of entanglements Z. In the unentangled regime 7 jinear/ 710 ring is Virtually
constant, consistent with the earlier data, atomistic simulations, and the theoretical expectation
7o linear! 7I0,ring=2. In the entanglement regime, the Z-dependence of rings viscosity is much
weaker than that of linear polymers, in qualitative agreement with predictions from scaling theory
and simulations. The power-law extracted from the available experimental data in the rather
limited range 1<Z<20, 7g inear 710,ring~ Z-20-3 is weaker than the scaling prediction (7 jinear/
10,ring~ Z+-6%0-3) and the simulations (71 jinear/ 70,ring~ Z>%*%3). Nevertheless, the present
collection of state-of-the- art experimental data unambiguously demonstrates that rings exhibit a
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universal trend clearly departing from that of their linear counterparts, and hence it represents a
major step toward resolving a 30-year old problem.
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Ring polymers are fascinating macromolecules with significant implications to our
understanding of polymer dynamics and biological functions®-2. In particular, their lack of
chain ends assures that their stress relaxation in the entanglement regime does not conform
to the established mechanisms3#4. Furthermore, melts of ring polymers are excellent models
for de-swollen networks?® and for several biophysical systems. DNA often comes in a
cyclic form and melts of rings are relevant for understanding chromatin folding,
enzymology, and protein structure stabilization®-8.

In the 1980s there has been a significant experimental effort to study the properties of rings,
starting from controlled anionic synthesis in dilute solution®-13, focusing on melts of larger
molar mass, and resulting in no consensus concerning their rheology. Whereas all agreed
that ring melts had lower viscosity compared to their linear counterparts, several issues
remained unsettled: how different were the viscosity and the plateau modulus of rings
compared to the linear polymers, the role of trapped knots whose presence depended on the
synthetic approach used (quality of the solvent)10-13-16 Recently, it has been shown that the
presence of unlinked polymer precursors (thereafter called contaminants) in the synthesis
procedure had a huge impact on the rheological properties of the rings, and hence
appropriate purification was necessary and accomplished with interaction chromatography at
the critical conditionl’. Indeed, liquid chromatography at the critical condition (LCCC)
represents the most reliable fractionation method to datel’, yielding rings with a fraction of
linear contaminants below 0.1%. Based on experiments with pure polystyrene rings, it was
shown that entanglement plateau was absent and that stress relaxation was self-similar
following a power-law with an exponent close to 0.4, a result consistent with predictions
based on the lattice animal model of entangled rings conformation3:8, Comparing ring
rheology before and after LCCC has demonstrated the power of this technique and
established it as an indispensable tool for obtaining pure experimental rings. This work left
open the issue of knotting as the PS rings were synthesized in near-theta solvent conditions
and the presence of some knots was unavoidable. Later however, Takano and coworkers
confirmed the results of power-law relaxation of reference (3) with PS rings synthesized in
good-solvent conditions 18. This suggests that knots may not affect the main rheological
features, at least for moderately entangled rings. Moreover, considering the model of self-
similar stress relaxation proceeding via motion of local double folds, self-knots may not
affect the dynamics in a significant way2. We shall not discuss this thereafter in this work,
but it remains a challenge for the future.

The extreme sensitivity of ring rheology to contamination was proven by deliberately
mixing purified rings with linear chains. Experiments suggest that a contamination level of
about 0.07% was sufficient to enhance the low-frequency moduli by over 50%. This result
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was rationalized by invoking the idea of linear chains percolation through the rings, which
maximized the system’s entropy while at the same time forming a transient network. Recent
simulations confirmed this extreme sensitivity, though with some quantitative

disagreement 1920, In particular, molecular dynamics (MD) simulations involving perfectly
pure unknotted rings suggested that the sensitivity is lower by about one decade. The limited
experimental data due to the ultra-small amounts of samples do not allow a more accurate
comparison. Nevertheless, it is evident that, despite the recent progress, there are still
unsettled issues with respect to purity and dynamics of rings, as well as the dynamics of
ring-linear polymer mixtures. Before tackling systematically the latter, it is clear that a
consensus on the linear rheology of rings is much needed.

In this letter we address some of the challenges concerning ring polymers: (i) we test the
universality of the power-law stress relaxation by using critically fractionated rings of
different chemistries, which are as pure as currently possible; (ii) we study the dependence
of the extracted zero-shear viscosity on molar mass; and (iii) we compare the experimental
data of two polymers with two different chemistries (1,4-polyisoprene and polyethylene
oxide) with published results for the third chemistry (polystyrene) as well as with
predictions from modeling and molecular dynamics simulations.

Three 1,4-polyisoprene (PI) and two polyethylene oxide (PEO) linear and functionalized
polymers were synthesized using anionic methods. The ring samples were synthesized in
dilute solutions (hexane for Pl and mixtures of THF and n-hexane for PEO). Their molecular
characteristics are summarized in Table 1. Note that much lower molecular weights for PEO
allow well entangled polymers due to the lower molar mass between entanglements for PEO
in comparison to PI (for linear PEO is M¢=2000 g/mol while for linear PI 1,4-addition
M,=6190 g/mol)*21. The polydispersity index determined by SEC was always below 1.1.
All rings were purified by LCCC.

An example of this analysis is depicted in Figure 1 for PI 38000 g/mol, where the LCCC and
SEC chromatograms are shown before and after the critical fractionation. In addition, we
used for comparison two purified polystyrene (PS) rings synthesized in theta solvent
cyclohexane, from Ref. 3, and one PS ring synthesized in good solvent tetrahydrofuran?2:23
(Me=17200 g/mol).

For the PI polymers it was possible to measure time-temperature superimposed (TTS) linear
viscoelastic moduli as a function of shifted frequency, by using a strain-controlled
ARES-2KFRTN1 rheometer (TA, USA) with homemade parallel plates of 4 mm diameter.
From this data the stress relaxation modulus G(t) was extracted and is plotted in Figure 2. In
the same figure we plot the PS ring data3, along with an entangled linear PI for comparison
and molecular dynamic simulations data of coarse grained bead-spring ring melts24. Due to
the different glass transition temperatures T for Pl and PS, the data are compared at
isofrictional conditions, i.e., same distance from T (see also Table 1) 25 |n addition, a
vertical shift of the P1 data with respect to the PS data was performed, by the amount
reflecting the ratio of the entanglement molar masses?5. For details in the shifting procedure
of the relaxation moduli obtained by computer simulations, see Supplementary Information.
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Figure 2 shows that all ring samples obey the same power law stress relaxation with a slope
very close to 0.5 for over 3 decades of time, thereby confirming the universal dynamic
response of moderately entangled ring polymer melts.

The predicted stress relaxation modulus®, G(t) = G(t/ %) 2> exp(~=t/ zring;) for t>7, is in
good agreement with data (see solid lines in Figure 2). The experimental data and MD
simulations conform to the predicted power-law slope of logG(t) vs. logt within 20%, and in
fact it is expected that this slope will slightly decrease as the molar mass of the ring
increases (see Supplementary Information).

The inset in Figure 2 depicts the scaled relaxation modulus G(t)t2/® as a function of time,
highlighting the extent of the power-law region for the ring polymers.

Despite the remarkable ability of the model to capture the power-law region, it does not
properly describe the observed long-time relaxation. The single exponential decay expected
in the terminal relaxation regime was not observed in most experiments. This could be
related to traces of linear contaminants or to some degradation of the rings during
measurements (the thermal treatment of the samples could result in some ring opening),
which are not considered in the model and could delay the relaxation process. Of course, this
influences the zero shear viscosity. For this reason we have determined the viscosities by
fitting the complex viscosity curves with different methods to obtain reliable estimates and
error bars (see Supplementary Information).

The semi-crystalline nature of the PEO samples prohibited measuring the entire frequency
range via TTS. In this case the zero-shear viscosities at different temperatures were obtained
from dynamic and steady shear measurements using a stress controlled rheometer Physica
501 (Anton Paar, Austria) as well as the ARES rheometer with parallel plates and a cone/
plate geometry of 8 mm diameters and 0.166 rad. The ring viscosities were always lower
than viscosities of the corresponding linear polymers. To compare at isofrictional conditions,
the Ty was measured by differential scanning calorimetry and dielectric spectroscopy (Table
1). Note that for PI the difference in Tq was primarily due to microstructure?2, NMR
revealed 3,4-addition content of 15%, 32% and 17% for 24k, 38k and 81Kk, respectively.
Hence, 710 linear/ 700,ring for P1 of the same molar mass does not depend on temperature.
However, the difference in Ty for PEO (Table 1) was due to the different architectures. A
detailed study of the dielectric and calorimetric properties of linear and ring PEOs will be
presented in a future publication.

Figure 3 depicts the mean (symbols) and the standard deviation (error bars) of the ratio of
isofrictional zero shear viscosities of the linear 7 jinear and ring 7 ring Polymers as a
function of the number of entanglements Z. In our considerations, the entanglement molar
mass is related to the plateau modulus of the linear polymer®.

Recent MD simulations results on coarse-grained bead-spring chains24, atomistic
simulations data on polyethylene (PE)3°, and experimental data on low-molar mass
rings2”-29 are shown along with our experimental data on entangled PS, Pl and PEO rings.
The comparison between new and old viscosity data from literaturel0.13-15 (see
Supplementary information) is suggestive of the importance of LCCC in efficiently
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purifying rings1913-15 1t is now clear that the new rings are characterized by much lower
viscosity in the entangled regime (Supplementary Information). Moreover, within the
unavoidable errors coming from the experiments, the extremely small amounts of samples
and possible imperfections in ring purification (see also Supplementary material), the data
are consistent and suggest universality of behavior in the examined Z range (see below). It
has been shown elsewhere 731 and also confirmed by our fractionation results that
contamination by linear polymers increases with molecular weight. Hence, for very low
molecular weight ring polymers, LCCC has the same level of success as multiple SEC. We
also note that the available data from entangled PS rings synthesized in solvents of different
quality13:22 (hence with probably different number of knots per ring) are consistent within
error.

At low molar masses, well below the entangled region, the viscosity of the linear polymer
melt is about double the viscosity of the corresponding melt of ring, as well

established 3233, In this region, noteworthy is the good agreement of PEO which were
claimed to be very carefully fractionated 27:2% and the atomistic simulations results on PES3?,
although the latter are slightly above the 2 value. Moreover, PS rings fractionated via
precipitational fractionation from benzene-methanol solution first34 and subsequently by
LCCC28 show also a ratio 10 linear/ 770,ring OF 2. In the entangled regime there is a scatter of
the data which is not unexpected given all issues discussed above. Nevertheless, the
viscosity data of these as pure as currently possible ring polymers exhibit a universal trend
marking a clear departure from the behavior of their linear counterparts, as demonstrated in
Fig. 3, in contrast to the data of the 1980s (see Supplementary material). By fitting the
experimental data in the entangled region we find that 7 jinear/ 70,ring ~ 21293 (black
continuous line in Figure 3). We note that the power-law exponent is smaller compared to
that extracted from MD simulations, 7 jinear/70,ring ~ Z203.24

We compare our experimental data with two scaling theories: rings in the array of fixed
obstacles (lattice animal model) 3-5 and hyperscaling loopy globule for melt of rings36. The
main idea of the latter is that the conformation of a ring in a melt of other rings consists of
self-similar loops on all length scales. Each of these loops is at entanglement threshold with
loops of the same size from the same or neighboring rings. The corresponding overlap
parameter is the same for loops of all length scales, according to the Kavassalis-Noolandi
conjecture 37. The lattice animal model predicts 7 ring ~ N*/?, while the hyperscaling loopy
globule model predicts 7o ring ~ N5/3. The pure reptation model predicts 70 linear ~ N3, while
including the corrections such as tube length fluctuations yields higher effective exponent*
of 3.4. Therefore, there are four combinations of predictions for the ratio of viscosities of
linear and ring melts ranging from 3.4-1.5=1.9 (for tube length fluctuations model of linear
melts and lattice animal model for melts of rings) to 3-1.7=1.3 (for pure reptation model of
linear and loopy globule model of rings). We represent this effective uncertainty of
theoretical predictions by an average exponent 1.6+0.3, although its most likely value should
be 3.4-1.7=1.7 (for tube length fluctuations model of linear melts and loopy globule model
of rings). The blue lines in Figure 3 depict the variance of the predictions.

From the above we conclude that the available experimental data confirm the different Z-
dependence of ring and linear polymer viscosity, but the extracted average scaling exponent
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is smaller by 0.4 (1.2+0.3 versus 1.6+0.3) compared to scaling predictions and by 0.8
compared to MD simulations (2.0+0.3)24. However, more data would be required to make a
truly unambiguous quantitative comparison with predictions, which means additional pure
rings at many more molar masses (this is particularly important as up to Z=10 polymers are
considered moderately entangled). Nevertheless, within the unavoidable uncertainty due to
issues discussed (and more specifically to the likely presence of linear contaminants), the
experimental results (new and recently published) represent in our opinion the current state
of the art. A more rigorous study of the experimental scaling exponent will be the subject of
future collaborative work.

We have presented experimental linear rheological data on as pure as currently possible ring
polymers of different chemistries and molar masses. These samples exhibit a power-law
stress relaxation324. The predictions of G(t) based on the lattice animal model3 are in good
agreement with the experimental data for about 3 decades in frequency. The deviation of the
data from theoretical predictions in the terminal region may be due to minute linear
contaminants, which are not accounted for in the model3, or additional ring-ring interactions,
even if not seen in simulations?4. We have represented all experimental data in the form of
7o linear! 70,ring VS- Z. In the unentangled regime, linear and ring polymers follow the same
scaling with molar mass. In the entangled regime, the experimental data confirm the
universality of the behavior and the clearly weaker molecular weight dependence of ring
viscosity as compared to linear polymers. In this respect, the issue of comparing linear and
ring polymer viscosities in this range of molar masses is settled qualitatively. Given the
available experimental data and related uncertainties, the experimental power law exponent
of 1.2+0.3, is smaller compared to modeling predictions (1.6+0.3) and MD simulations
(2.0£0.3). A reason for the slightly lower power-law exponent is the tiny amount of linear
chain contaminants after the state-of-the-art LCCC purification. As already mentioned, the
fraction of contaminants is expected to increase with molar mass3-31. Even if this fraction
will always be small (typically not exceeding 0.1%)3, it will result in a small increase of ring
viscosity320 (see also Supplementary material). This increase, which yields a decrease of the
ratio 7o linear/ 7%0,ring: D€COMes stronger with increasing molar mass and therefore increases
the exponent of molar mass dependence of ring viscosity. We note in closing, that the
presented data reflect the largest collection of as pure as currently possible rings.
Nevertheless, despite the progress made in characterization, the role of the linear
contaminants and possible stability of the formed rings, the availability of more and larger
rings, as well as the presence of knots, remain formidable experimental challenges to be
addressed in the future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Funding Sources

We are grateful to Frank Snijkers, Hiroshi Watanabe, J6rg Baschnagel and Vlasis Mavrantzas for helpful
discussions. We acknowledge partial support from EU (ITN DYNACOP, grant 214627; FP7 Infrastructure ESMI,

ACS Macro Lett. Author manuscript; available in PMC 2015 July 28.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pasquino et al. Page 7

GA 262348). TC acknowledges the supports from NRF (2008-0061892 and 2012R1A2A2A01015148). MR
acknowledges support from the NSF, grants CHE-0911588, DMR-0907515, DMR-1121107, and DMR-1122483,
the NIH, 1-P5-HL107168, 1-P01-HL108808-01A1 and the Cystic Fibrosis Foundation.

References

1. McLeish TCB. Science. 2002; 297:2005-2006. [PubMed: 12242428]

2. Tezuka, Y. Progress of Cyclic Polymer in Syntheses, Properties and Function. World Scientific
Publishing Co Pte Ltd; 2013. In Topological Polymer Chemistry.

3. Kapnistos M, Lang M, Vlassopoulos D, Pyckhout-Hintzen W, Richter D, Cho D, Chang T,
Rubinstein M. Nature Materials. 2008; 7:997-1002. [PubMed: 18953345]

. Rubinstein, M.; Colby, RH. Polymer Physics. Oxford Univ. Press; 2003.

. Obukhov S, Rubinstein M, Colby RH. Macromolecules. 1994; 27:3191-3198.

. Cremer T, Cremer C. Nature Reviews Genetics. 2001; 2:292-301.

Rosa A, Everaers R. Plos Computational Biology. 2008; 4:1-10.

. Milner ST, Newhall JD. Phys Rev Lett. 2010; 105:208302-1-208302-4. [PubMed: 21231269]

. Roovers J, Toporowski PM. Journal of Polymer Science - Part B Polymer Physics. 1988; 26:1251—
1259.

10. McKenna GB, Hostetter BJ, Hadjichristidis N, Fetters LJ, Plazek DJ. Macromolecules. 1989;
22:1834-1852.

11. Lutz P, McKenna GB, Rempp P, Strazielle C. Macromolekulare Chemie-Rapid Communications.
1986; 7:599-605.

12. Roovers J. Rubber chemistry and technology. 1989; 62:33-41.

13. Roovers J. Macromolecules. 1985; 18:1359-1361.

14. Roovers J. Macromolecules. 1988; 21:1517-1521.

15. Orrah DJ, Semlyen JA, Ross-Murphy SB. Polymer. 1988; 29:1452-1454.

16. Orrah DJ, Semlyen JA, Ross-Murphy SB. Polymer. 1988; 29:1455-1458.

17. Lee HC, Lee H, Lee W, Chang T, Roovers J. Macromolecules. 2000; 33:8119-8121.

18. Takano, A.; Matsubara, Y.; Doi, Y.; Ohta, Y.; Matsushital, Y.; Takahashi, Y.; Watanabe, H.
BOOK OF ABSTRACTS: XVIth International Congress on Rheology; 2012. p. 426

19. Vasquez R, Shanbhag S. Macromol Theory Simul. 2011; 20:205-211.

20. Halverson JD, Grest GS, Grosberg AY, Kremer K. Phys Rev Lett. 2012; 108:038301-038305.
[PubMed: 22400790]

21. Fetters, LJ.; Lohse, DJ.; Colby, RH. Physical Properties of Polymers Handbook. 2. Mark, JE.,
editor. Springer; NY: 2007.

22. Cho D, Masuoka K, Koguchi K, Asari T, Kawaguchi D, Takano A, Matsushita Y. Polymer J.
2005; 37:506-511.

23. Takano A. 2013 unpublished data.

24. Halverson JD, Lee WB, Grest GS, Grosberg AY, Kremer K. J Chem Phys. 2011; 134:204905-1—
204905-10. [PubMed: 21639475]

25. Widmaier JM, Meyer GC. Macromolecules. 1981; 14:450-452.
26. Macosko, CW. Rheology: principles, methods and application. Wiley-VCH; USA: 1994.

27. Bras AR, Pasquino R, Koukoulas T, Tsolou G, Holderer O, Radulescu A, Allgaier J, Mavrantzas
VG, Pyckhout-Hintzen W, Wischnewski A, Vlassopoulos D, Richter D. Soft Matter. 2011,
7:11169-11176.

28. Santangelo PG, Roland C, Chang T, Cho D, Roovers J. Macromolecules. 2001; 34:9002-9005.
29. Nam S, Leisen J, Breedveld V, Beckham HW. Polymer. 2008; 49:5467-5473.

30. Tsolou G, Stratikis N, Baig G, Stephanou PS, Mavrantzas VG. Macromolecules. 2010; 43:10692—
10713.

31. Pasquino R. 2013 unpublished data.
32. Wedgewood LE, Ostrov DN, Bird RB. J Non-Newt Fluid Mechanics. 1991; 40:119-139.
33. Watanabe H, Inoue T, Matsumiya Y. Macromolecules. 2006; 39:5419-5426.

© o N o Ul A

ACS Macro Lett. Author manuscript; available in PMC 2015 July 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pasquino et al. Page 8

34. Roovers J, Toporowski PM. Macromolecules. 1983; 16:843-849.

35. Obukhov SP, Rubinstein M, Duke T. Phys Rev Lett. 1994; 73:1264-1266.

36. Rubinstein M, Sariyer O, Panyukov SP. 2013 manuscript in preparation.

37. Kavassalis TA, Noolandi J. Phys Rev Lett. 1987; 59:2674-2677. [PubMed: 10035619]

ACS Macro Lett. Author manuscript; available in PMC 2015 July 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Pasquino et al.

Page 9

2) b)

R, A, (a.u)
Ry A, (a.u))

t_ (min) t. (min)

—pure ring Pl
c) (M, 415PDI1,05)
—raw ring PI
(M_373PDI1.07)

An (a.u.)

Figure 1.
LCCC chromatograms for ring Pl 38 kg/mol before (a) and after (b) LCCC fractionation. (c)

SEC chromatograms before (blue) and after (black) LCCC fractionation.
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Figure 2.
Stress relaxation modulus for Pl rings and PS rings at T-Tq=65°C. P1 81k ( ); P1 38k ( ©);

PS198k (<>); PS160k (O). The stars and the crosses are from molecular dynamic simulations
on coarse grained bead-spring rings with Z~3.6 and 14.4 from Ref. (24) (see Supplementary
Information for details about the conversion of MD units into Pascal and seconds). The blue
and the red lines are model prediction for Pl 81k and 38k, respectively. The dash-dotted line
is the relaxation modulus for P1 81k linear polymer, exhibiting an entanglement plateau. The
Rouse time for entanglements z, of the linear P181k is also depicted for reference. Inset:
Scaled version of the same plot, without the linear polymer data for clarity (see text for
details).]
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Figure 3.

Ratio of the zero shear viscosities of linear and ring polymers as function of the number of
entanglements. The black dotted horizontal line sets the theoretical value of 2 in the low-Z
region. The black continuous line is the best fit of the experimental data (slope of 1.2+0.3).
The continuous and dashed blue lines have slopes of 1.3 and 1.9, respectively (see text for
details). @: PEO experimental data set (Table 1); e: Pl experimental data set (Table 1);

PS experimental data point (Table 1)2223; e : PS experimental data set from Ref. (3); B:
PEO experimental data point?’; =: PS experimental data point (Table 1)28; +: PEO
experimental data set2?; a: polyethylene (PE) atomistic simulations3?; : MD simulations
on coarse-grained bead-spring chains??.
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