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Abstract

© 2018 American Chemical Society. The dynamics of entangled polymer melts not only is of
fundamental theoretical interest but also has wide-reaching consequences for developing a
theoretical foundation for investigating biological macromolecules and complex systems
relevant to material sciences. Despite several decades of intensive experimental and theoretical
research in this field, open questions remain regarding segmental dynamics over the wide range
of time scales from local to global motion. This work employs a novel approach based on nuclear
magnetic relaxation to scrutinize the character of dipolar interactions in entangled polymer
melts, thereby accessing unique information about segmental diffusion and rotation. The main
focus is set on the separate consideration of intra- and intermolecular contributions to the
proton dipolar interactions, which have been previously shown to possess a different, nontrivial
time dependence. A combination of well-established field-cycling T1 relaxometry and recently
developed methods based on spin echo is utilized to investigate dipolar couplings in entangled
poly(ethylene oxide) melts of various molecular weights. Isolation of the intermolecular
contributions to the corresponding experimental quantities provides a means to observe
segmental translations taking place during more than 6 orders of magnitude in time. Time
dependences of the mean-square displacement obtained in this way revealed apparent
exponents of the power laws significantly deviating from predictions of the widely used tube-
reptation model of polymer dynamics in the regime of entangled motion. In addition to that, the
relative ratio of intermolecular dipolar interactions over the intramolecular counterpart is probed
through their corresponding contributions to the transverse relaxation rate. A strong deviation
from the tube-reptation model predictions for the evolution of this quantity is observed in the
whole range probed experimentally. The obtained data do not reflect the restricted character of
segmental motion anticipated in the corresponding time regime. It is emphasized that similar
results, both in amplitude and in qualitative behavior, have been previously demonstrated in
polybutadiene and polyethylene-alt-propylene, thereby allowing to discuss the universality of
the observed deviation.

http://dx.doi.org/10.1021/acs.macromol.8b01857

References

[1] Ellis, R.J.; Minton, A. P. Cell Biology: join the crowd. Nature 2003, 425, 27, 10.1038/425027a

[2] Lang, P.; Frey, E. Disentangling entanglements in biopolymer solutions. Nat. Commun. 2018, 9 (1), 494,
10.1038/s41467-018-02837-5

[3] Rauwendaal, C. Polymer Extrusion; Carl Hanser Verlag GmbH Co. KG: Munich, 2014.


https://core.ac.uk/display/197477574?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://dx.doi.org/10.1021/acs.macromol.8b01857

(4]

(5]

(6]

(7]

(8]

[9]

[10]

[11]
[12]

[13]
(14]

[15]
[16]
(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]
[31]
[32]

Kargin, V. A.; Slonimskii, G. L. On the determination of polymer molecular weight using mechanical properties
of these. J. Phys. Chem. (USSR, in Russian) 1949, 23, 563

Rouse, P. E. A theory of the linear viscoelastic properties of dilute solutions of coiling polymers. J. Chem. Phys.
1953, 21, 1272, 10.1063/1.1699180

Kuhn, W. Beziehungen zwischen Viscositat und elastischen Eigenschaften amorpher Stoffe. Colloid Polym. Sci.
1939, 87, 3, 10.1007/BF01512208

Fatkullin, N. F.; Shakirov, T. M.; Balakirev, N. A. Why does the rouse model fairly describe the dynamic
characteristics of polymer melts at molecular masses below critical mass?. Polym. Sci., Ser. A 2010, 52 (1), 72,
10.1134/S0965545X10010104

Porter, R. F.; Johnson, J. F. The entanglement concept in polymer systems. Chem. Rev. 1966, 66, 1,
10.1021/cr60239a001

Edwards, S. F. The statistical mechanics of polymerized material. Proc. Phys. Soc., London 1967, 92 (1), 9,
10.1088/0370-1328/92/1/303

de Gennes, P. G. Reptation of a polymer chain in the presence of fixed obstacles. J. Chem. Phys. 1971, 55, 572,
10.1063/1.1675789

Ferry, J. D. Viscoelastic Properties of Polymers; Wiley: New York, 1980.

Doi, M.; Edwards, S. F. Dynamics of concentrated polymer systems. J. Chem. Soc., Faraday Trans. 2 1978, 74,
1789, 10.1039/F29787401789

Doi, M.; Edwards, S. F. The Theory of Polymer Dynamics; Clarendon: Oxford, 1986.

Fetters, L. J.; Lohse, D. J.; Richter, T. D.; Witten, T. A.; Zirkel, A. Connection between polymer molecular weight,
density, chain dimensions, and melt viscoelastic properties. Macromolecules 1994, 27 (17), 4639,
10.1021/ma00095a001

Rubinstein, M.; Colby, R. H. Polymer Physics; Oxford University Press: 2003.
Flory, P. J. Statistical Mechanics of Chain Molecules; Interscience: New York, 1969.

Baumgaertel, M.; Schausberger, A.; Winter, H. H. The relaxation of polymers with linear flexible chains of
uniform length. Rheol. Acta 1990, 29, 400, 10.1007/BF01376790

Fischer, E.; Kimmich, R.; Beginn, U.; Méller, M.; Fatkullin, N. Segment diffusion in polymers confined in
nanopores: A fringe-field NMR diffusometry study. Phys. Rev. E: Stat. Phys., Plasmas, Fluids, Relat. Interdiscip.
Top. 1999, 59 (4), 4079, 10.1103/PhysRevE.59.4079

Pearson, D. S.; Fetters, L. J.; Graessley, W. W.; Ver Strate, G.; Von Meerwall, E. Viscosity and self-diffusion
coefficient of hydrogenated polybutadiene. Macromolecules 1994, 27 (3), 711, 10.1021/ma00081a014

Pearson, D. S.; Ver Strate, G.; Von Meerwall, E.; Schilling, F. C. Viscosity and self-diffusion coefficient of linear
polyethylene. Macromolecules 1987, 20 (5), 1133, 10.1021/ma00171a044

Fatkullin, N.; Kimmich, R. Polymer chain dynamics and NMR. Adv. Polym. Sci. 2004, 170, 1-113

Bartels, C. R.; Crist, B.; Graessley, W. W. Self-diffusion coefficient in melts of linear polymers: chain length and
temperature dependence for hydrogenated polybutadiene. Macromolecules 1984, 17 (12), 2702,
10.1021/ma00142a045

von Seggern, J.; Klotz, S.; Cantow, H.-J. Reptation and constraint release in linear polymer melts: an
experimental study. Macromolecules 1991, 24, 3300, 10.1021/ma00011a039

Doi, M. Explanation for the 3.4 power law of viscosity of polymeric liquids on the basis of the tube model. J.
Polym. Sci., Polym. Lett. Ed. 1981, 19 (5), 265, 10.1002/p0l.1981.130190507

de Gennes, P. G. Dynamics of entangled polymer solutions. I. The Rouse model. Macromolecules 1976, 9 (4),
587, 10.1021/ma60052a011

Lodge, T. P. Reconciliation of the molecular weight dependence of diffusion and viscosity in entangled
polymers. Phys. Rev. Lett. 1999, 83, 3218, 10.1103/PhysRevLett.83.3218

Denissov, A.; Kroutieva, M.; Fatkullin, N.; Kimmich, R. Segment diffusion and nuclear magnetic resonance spin-
lattice relaxation of polymer chains confined in tubes: Analytical treatment and Monte Carlo simulation of the
crossover from Rouse to reptation dynamics. J. Chem. Phys. 2002, 116 (12), 5217, 10.1063/1.1451242

Harmandaris, V. A.; Mavrantzas, V. G.; Theodorou, D. N.; Kréger, M.; Ramirez, .; Ottinger, H. C.; Vlassopoulos,
D. Crossover from the rouse to the entangled polymer melt regime: signals from long, detailed atomistic
molecular dynamics simulations, supported by rheological experiments. Macromolecules 2003, 36 (4), 1376,
10.1021/ma020009g

Richter, D.; Monkenbusch, M.; Arbe, A.; Colmenero, J. Neutron spin echo in polymer systems. In Neutron Spin
Echo in Polymer Systems; Springer Berlin Heidelberg: 2005; pp 1-221.

Kimmich, R. NMR: Tomography, Diffusometry, Relaxometry; Springer Science & Business Media: 2012.
Abragam, A. The Principles of Nuclear Magnetism; Clarendon Press: Oxford, 1961.

Kimmich, R. Principles of Soft-Matter Dynamics: Basic Theories, Non-invasive Methods, Mesoscopic Aspects;
Springer Science & Business Media: 2012.



[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

(44]

[45]

[46]

[47]

(48]

[49]

(50]

[51]

[52]

(53]

[54]

Hofmann, M.; Kresse, B.; Privalov, A. F.; Heymann, L.; Willner, L.; Aksel, N.; Fatkullin, N.; Fujara, F.; Rossler, E.
A. Segmental mean square displacement: field-cycling 1H relaxometry vs neutron scattering. Macromolecules
2016, 49 (20), 7945, 10.1021/acs.macromol.6b01860

Lozovoi, A.; Mattea, C.; Hofmann, M.; Saalwachter, K.; Fatkullin, N.; Stapf, S. Segmental dynamics of
polyethylene-alt-propylene studied by NMR spin echo techniques. J. Chem. Phys. 2017, 146 (22), 224901,
10.1063/1.4984265

Wischnewski, A.; Monkenbusch, M.; Willner, L.; Richter, D.; Kali, G. Molecular observation of contour-length
fluctuations limiting topological confinement in polymer melts. Phys. Rev. Lett. 2003, 90 (5), 58302,
10.1103/PhysRevLett.90.058302

Fischer, E.; Kimmich, R.; Fatkullin, N.; Yatsenko, G. Segment diffusion and flip-flop spin diffusion in entangled
polyethyleneoxide melts: A field-gradient NMR diffusometry study. Phys. Rev. E: Stat. Phys., Plasmas, Fluids,
Relat. Interdiscip. Top. 2000, 62 (1), 775, 10.1103/PhysRevE.62.775

Kresse, B.; Hofmann, M.; Privalov, A. F.; Fatkullin, N.; Fujara, F.; Rossler, E. A. All polymer diffusion regimes
covered by combining field-cycling and field-gradient 1H NMR. Macromolecules 2015, 48 (13), 4491,
10.1021/acs.macromol.5b00855

Kimmich, R.; Fischer, E.; Callaghan, P.; Fatkullin, N. The dipolar-correlation effect on the stimulated echo.
Application to polymer melts. . Magn. Reson., Ser. A 1995, 117, 53, 10.1006/jmra.1995.9973

Kimmich, R.; Fatkullin, N.; Seitter, R.-O.; Gille, K. Chain dynamics in entangled polymers: Power laws of the
proton and deuteron spin-lattice relaxation dispersions. J. Chem. Phys. 1998, 108, 2173, 10.1063/1.475597

Kehr, M.; Fatkullin, N.; Kimmich, R. Molecular diffusion on a time scale between nano-and milliseconds probed
by field-cycling NMR relaxometry of intermolecular dipolar interactions: Application to polymer melts. . Chem.
Phys. 2007, 126, 094903, 10.1063/1.2435357

Kehr, M.; Fatkullin, N.; Kimmich, R. Deuteron and proton spin-lattice relaxation dispersion of polymer melts:
Intrasegment, intrachain, and interchain contributions. ). Chem. Phys. 2007, 127, 084911, 10.1063/1.2773732

Fatkullin, N.; Gubaidullin, A.; Stapf, S. Features of polymer chain dynamics as revealed by intermolecular
nuclear magnetic dipole-dipole interaction: Model calculations and field-cycling NMR relaxometry. J. Chem.
Phys. 2010, 132, 094903, 10.1063/1.3336832

Fatkullin, N.; Gubaidullin, A.; Mattea, C.; Stapf, S. On the theory of the proton free induction decay and Hahn
echo in polymer systems: The role of intermolecular magnetic dipole-dipole interactions and the modified
Anderson-Weiss approximation. J. Chem. Phys. 2012, 137, 224907, 10.1063/1.4769977

Rossler, E. A.; Stapf, S.; Fatkullin, N. Recent NMR investigations on molecular dynamics of polymer melts in
bulk and in confinement. Curr. Opin. Colloid Interface Sci. 2013, 18 (3), 173, 10.1016/j.cocis.2013.03.005

Cohen-Addad, J. P. NMR and fractal properties of polymeric liquids and gels. Prog. Nucl. Magn. Reson.
Spectrosc. 1993, 25, 1, 10.1016/0079-6565(93)80004-D

Lozovoi, A.; Mattea, C.; Herrmann, A.; Rossler, E. A.; Stapf, S.; Fatkullin, N. Communication: Proton NMR
dipolar-correlation effect as a method for investigating segmental diffusion in polymer melts. J. Chem. Phys.
2016, 144 (24), 241101, 10.1063/1.4954664

Lozovoi, A.; Petrova, L.; Mattea, C.; Stapf, S.; Rdssler, E. A.; Fatkullin, N. On the theory of the proton dipolar-
correlation effect as a method for investigation of segmental displacement in polymer melts. J. Chem. Phys.
2017, 147 (7), 074904, 10.1063/1.4998184

Vaca Chdvez, F.; Saalwachter, K. Time-domain NMR observation of entangled polymer dynamics: universal
behavior of flexible homopolymers and applicability of the tube model. Macromolecules 2011, 44 (6), 1549,
10.1021/mal025708

Furtado, F.; Damron, J.; Trutschel, M.; Franz, C.; Schroter, K.; Ball, R. C.; Saalwachter, K.; Panja, D. NMR
observations of entangled polymer dynamics: Focus on tagged chain rotational dynamics and confirmation
from a simulation model. Macromolecules 2014, 47 (1), 256, 10.1021/ma4021938

Mordvinkin, A.; Saalwachter, K. Microscopic observation of the segmental orientation autocorrelation function
for entangled and constrained polymer chains. J. Chem. Phys. 2017, 146 (9), 094902, 10.1063/1.4977041

Hofmann, M.; Kresse, B.; Heymann, L.; Privalov, A. F.; Willner, L.; Fatkullin, N.; Aksel, N.; Fujara, F.; Réssler, E.
A. Dynamics of a Paradigmatic Linear Polymer: A Proton Field-Cycling NMR Relaxometry Study on Poly
(ethylene-propylene). Macromolecules 2016, 49 (22), 8622, 10.1021/acs.macromol.6b01906

Fatkullin, N.; Stapf, S.; Hofmann, M.; Meier, R.; Rossler, E. A. Proton spin dynamics in polymer melts: New
perspectives for experimental investigations of polymer dynamics. J. Non-Cryst. Solids 2015, 407, 309,
10.1016/j.jnoncrysol.2014.07.008

Kimmich, R.; Fatkullin, N. Self-diffusion studies by intra-and inter-molecular spin-lattice relaxometry using field-
cycling: Liquids, plastic crystals, porous media, and polymer segments. Prog. Nucl. Magn. Reson. Spectrosc.
2017, 101, 18, 10.1016/j.pnmrs.2017.04.001

Noack, F. NMR field-cycling spectroscopy: principles and applications. Prog. Nucl. Magn. Reson. Spectrosc.
1986, 18, 171, 10.1016/0079-6565(86)80004-8



[55]

[56]
[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

(68]

[69]

[70]

[71]

[72]

Kimmich, R.; Anoardo, E. Field-cycling NMR relaxometry. Prog. Nucl. Magn. Reson. Spectrosc. 2004, 44, 257,
10.1016/j.pnmrs.2004.03.002

Mark, J. E. Physical Properties of Polymers Handbook; Springer: New York, 2007.

Lozovoi, A. Theoretical and Experimental Study of Polymer Melt Dynamics: Role of Intermolecular Dipolar
Interactions. PhD Thesis, Technical University of Imenau, Germany, 2018.

Powles, ). G.; Mansfield, P. Double-pulse nuclear-resonance transients in solids. Phys. Lett. 1962, 2 (2), 58,
10.1016/0031-9163(62)90147-6

Roland, M. Viscoelastic Behaviour of Rubbery Materials; Oxford University Press: 2011.

Kimmich, R.; Seitter, R. O.; Beginn, U.; Méller, M.; Fatkullin, N. Field-cycling NMR relaxometry of polymers
confined to artificial tubes: verification of the exponent 3/4 in the spin-lattice relaxation dispersion predicted by
the reptation model. Chem. Phys. Lett. 1999, 307 (3), 147, 10.1016/50009-2614(99)00505-9

Smith, G. D.; Yoon, D. Y.; Jaffe, R. L.; Colby, R. H.; Krishnamoorti, R.; Fetters, L. ]. Conformations and structures
of poly (oxyethylene) melts from molecular dynamics simulations and small-angle neutron scattering
experiments. Macromolecules 1996, 29, 3462, 10.1021/ma951621t

Unidad, H. J.; Goad, M. A,; Bras, A. R.; Zamponi, M.; Faust, R.; Allgaier, J.; Pyckhout-Hintzen, W.; Wischnewski,
A.; Richter, D.; Fetters, L. J. Consequences of increasing packing length on the dynamics of polymer melts.
Macromolecules 2015, 48 (18), 6638, 10.1021/acs.macromol.5b00341

Fischer, E.; Kimmich, R.; Fatkullin, N. Spin diffusion in melts of entangled polymers. J. Chem. Phys. 1997, 106,
9883, 10.1063/1.473876

Stumpf, M. P.; Porter, M. A. Critical truths about power laws. Science 2012, 335 (6069), 665,
10.1126/science.1216142

Mattea, C.; Fatkullin, N.; Fischer, E.; Beginn, U.; Anoardo, E.; Kroutieva, M.; Kimmich, R. The "corset effect" of
spin-lattice relaxation in polymer melts confined in nanoporous media. Appl. Magn. Reson. 2004, 27 (3-4), 371,
10.1007/BF03166738

McLeish, T. C. B. Tube theory of entangled polymer dynamics. Adv. Phys. 2002, 51 (6), 1379,
10.1080/00018730210153216

Schweizer, K. S. Microscopic theory of the dynamics of polymeric liquids: General formulation of a mode-mod-
-coupling approach. J. Chem. Phys. 1989, 91, 5802, 10.1063/1.457533

Schweizer, K. S. Mode-coupling theory of the dynamics of polymer liquids: Qualitative predictions for flexible
chain and ring melts. J. Chem. Phys. 1989, 91, 5822, 10.1063/1.457534

Schweizer, K. S. Mode-coupling theory of macromolecular liquids. Phys. Scr. 1993, T49A, 99, 10.1088/0031-
8949/1993/T49A/017

Wittmer, J.; Beckrich, P.; Johner, A.; Semenov, A. N.; Obukhov, S. P.; Meyer, H.; Baschnagel, J. Why polymer
chains in a melt are not random walks. Europhys. Lett. 2007, 77 (5), 56003, 10.1209/0295-5075/77/56003

Fleischer, G. The effect of polydispersity on measuring polymer self-diffusion with the NMR pulsed field
gradient technique. Polymer 1985, 26 (11), 1677, 10.1016/0032-3861(85)90285-X

Weber, H. W.; Kimmich, R. Anomalous segment diffusion in polymers and NMR relaxation spectroscopy.
Macromolecules 1993, 26 (10), 2597, 10.1021/ma00062a031



