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ABSTRACT: By neutron spin echo (NSE) and pulsed field gradient (PFG) NMR we study the dynamics of a polyethylene-oxide 

melt (PEO) with molecular weight in the transition regime between Rouse and reptation dynamics. We analyze the data with a Rouse 

mode analysis allowing for reduced long wavelength Rouse modes amplitudes. For short times sub-diffusive center-of-mass mean 

square displacement 〈rcom
2(t)〉 was allowed. This approach captures the NSE data well and provides accurate information on the 

topological constraints in a chain length regime, where the tube model is inapplicable. As predicted by reptation for the polymer 

〈rcom
2(t)〉, we experimentally found the sub-diffusive regime with an exponent close to 𝜇 =

1

2
, which, however, crosses over to Fickian 

diffusion not at the Rouse time, but at a later time, when the 〈rcom
2(t)〉 has covered a distance related to the tube diameter.  

Dynamics of polymer melts is multiscale, extending from the local 

monomer motion to diffusion over the distances beyond the size of 
the whole chain.1–3 As an elementary constituent of the polymer 

chain a coarse-grained segment consisting typically of several main 

chain bonds is considered. In the context of inter segmental inter-
actions, two approaches are used. The Rouse model based on the 

Langevin equation of segmental motion accounts for entropic 

forces within a chain, stochastic forces and friction with the sur-
rounding media.4,5 Interactions between the segments of the other 

chains are not considered. In the reptation model, the inter-chain 

interactions lead to the confinement of the polymer chain in a tube 

built by the neighboring chains.1,6 It was shown that for relatively 
short chains (M<Mc, Me) with Mc critical molecular weight and Me 

entanglement molecular weight, where the inter-chain interactions 

are not pronounced, the Rouse model provides a good description 
with physically realistic parameters of the chain dynamics.5 Dy-

namics of long or strongly entangled chains can be successfully de-

scribed by the reptation model. Whereas, the intermediate range of 

polymer chain lengths is less understood.  

In the mode coupling theory (MCT) approach of Schweizer and 

coworkers,7–10 the tube ideas are replaced by strong nonlinear cou-

plings between collective density fluctuations on the scale of the 
chain radius of gyration Rg. MCT leads to slowly fluctuating inter-

molecular forces that overcome the fast local dynamics rapidly.5 

The model predicts many aspects of polymer melt dynamics, but 
due to approximations does not contain anisotropic motion that by 

assumption is part of the tube model. Guenza considered a gener-

alized Langevin equation (GLE),11 where, as a result of chain inter-
penetration, the chain motion is coupled within the range of its Rg 

by a Gaussian interchain potential of mean force.  

As shown recently, short tracer chains in a highly entangled poly-

mer matrix move cooperatively demonstrating sub-diffusive be-
havior over a distance on the order of the reptation tube diameter.12 

Beyond this cross-over distance, the Fickian diffusivity agrees with 

the macroscopic results. In addition, we found that the Rouse 

dynamics of the tracers is non-Gaussian with a related segment dis-

placement distribution narrower than the Gaussian counterpart. 
This is a consequence of highly cooperative motion of the tracers 

with the host that mirrors the host dynamics within the tube. This 

finding contradicts the common reptation theory that within the 
tube constraints considers decoupled Rouse motion in the heat bath 

provided by the surrounding chains. The phenomena were generi-

cally found both in a polyolefin (polyethylene) as well as in a pol-

yether (polyethylene-oxide).12,13 

The cooperative motion of polymer chains in the regime of entan-

glement formation overlaps and/or competes with the increasing 

tube confinement of the chain complicating the experiments and 
theoretical investigations. In the intermediate regime the concept of 

reptation tube is not fully applicable because the tube itself is not 

yet fully developed whereas, the confinement effects from the 

neighboring chains become more important. 

Extensive MD simulations on the chain dynamics by Kremer et al. 

demonstrated that the Rouse and reptation models work quite well 
in the limit of short and long chain dynamics respectively.14  Kala-

thi et al. performed coarse-grained simulations using the Kremer 

and Grest model for chain lengths, where entanglement effects be-

come prominent and found that the Rouse modes of weakly entan-
gled chains show characteristic trends in the relevant parameters, 

such as an assumed mode stretching and characteristic relaxation 

rates.15 Halverson et al.16 using MD simulations demonstrated that 
with increasing chain length, the polymer center-of-mass diffusion 

becomes increasingly sub-diffusive on a time scale shorter than the 

Rouse time 𝜏𝑅 . 

Here, we report combined NSE and PFG-NMR investigation on 

weakly entangled poly(ethylene oxide) (PEO) in a broad tempera-
ture interval on time scales from hundred picoseconds to hundreds 

of nanoseconds reflecting the transition regime from Rouse to rep-

tation behavior. We show that the dynamics of weakly entangled 
chains is well understood in terms of a Rouse mode analysis that 



 

delivers the confinements imposed by the emerging entanglement 
network. As predicted by reptation for the polymer center-of-mass 

mean square displacement 〈rcom
2(t)〉 we found the sub-diffusive re-

gime with an exponent close to 𝜇 =
1

2
 , which, however, crosses 

over to Fickian diffusion not at the Rouse time, but at a later time, 

at which the 〈rcom
2(t)〉 has covered a distance related to the emerg-

ing tube diameter. To the best of our knowledge, this is the first 

experimental observation of this sub-diffusive regime.   

 

NSE experiments were performed at the spectrometer IN15 at the 
Institut Laue-Langevin (ILL).17 Employing a neutron wavelength 

of λ=14 Å we studied a blend of h-PEO (10%, Mw=8130 g/mol, 

Mw/Mn=1.01, number of segments/chain N=185) with d-PEO 
(90%, Mw=8252 g/mol, Mw/Mn=1.01, N=172) at different temper-

atures from 350 K to 450 K covering the time range 0.1<t<550 ns 

at momentum transfers, Q=0.05, 0.078, 0.096, 0.13 and 0.15 Å-1. 
Details of the polymer synthesis are given in supporting infor-

mation (SI).  

Long range Fickian diffusion coefficients, DFick were determined 

using Pulse Field Gradient – Nuclear Magnetic Resonance (PFG-

NMR) in temperature range 338K to 450K with a magnetic reso-
nance analyser Bruker Minispec (mq20) operating at 1H frequency 

of 20 MHz and equipped with a permanent magnet. The attenuation 

of the echo signal from a pulse sequence containing a magnetic 
field gradient pulse is used to measure the translational diffusion of 

the molecules (hydrogens) in the sample at the time scale of tens of 

milliseconds. During this time the protons are able to overcome the 

distances of order of hundreds of nanometers. DFick reported in Ta-

ble 1 were measured using a standard stimulated echo (STE) 

pulsed-field-gradient sequence.  

 

Table 1. Temperature dependent Fickian diffusion coefficients for 
center of mass polymer diffusion in the PEO8K melt as measured 

by PFG-NMR. 

 

 

Figure. 1 displays the Arrhenius representation of diffusion data 

with an activation energy Ea = 22.0±1.0 kJ/mol or 228±10 meV.   

 

Figure 1. Fickian diffusion coefficients measured for the PEO melt 

as obtained from PFG-NMR, presented in an Arrhenius plot. 

 

Figure 2 presents the NSE spectra obtained at 4 different tempera-
tures. Within the time window of IN15 at higher Q the spectra fully 

decay, thus, excellently covering the dynamic features of the PEO 

melt on the molecular scale. 

  

Figure 2. NSE spectra from the PEO obtained at different temper-

atures: (a) 350K, (b) 375K, (c) 415K and (d) 450K at various Q 

values as indicated. The lines show the results from the joint fit of 

all spectra at all temperatures (see text). 

 

PEO exhibits Me ~1.6 - 2.0  kg/mol.18,19 Our sample (Mw=8 kg/mol) 

is subject to about four entanglements thus, representing the weakly 
entangled regime. To account for the effect of the emerging chain 

confinement, the NSE data were evaluated in terms of a Rouse 

mode analysis, where we varied the amplitudes of different contrib-
uting Rouse modes.20,21 This analysis allows to scrutinize the spa-

tial confinement of the chain motion in assigning smaller ampli-

tudes to the low indexed Rouse modes. However, not altering p, 

the analysis does not properly describe p associated with the topo-

logical confinement. In the discussion section we demonstrate that 

in order to evaluate the apparent chain confinement, the Rouse 
mode analysis is a valid approach and is nearly independent from 

the physically necessary modifications of p. We describe the mag-

nitude of the changing Rouse mode amplitudes from low to high 

mode numbers p by a Fermi function:  

𝑓𝑡𝑟𝑎𝑛𝑠 (𝑝) =
1

1 + 𝑒𝑥𝑝 (
𝑝𝑐𝑟𝑜𝑠𝑠 − 𝑝

𝑝𝑤𝑖𝑑𝑡ℎ
)

                              (1) 

The choice of such a function ensures systematic fitting results by 
preventing arbitrary and unphysical changes in Rouse mode ampli-

tudes. Fit parameters in Eq. (1) are pcross and pwidth. Including Eq. 

(1), the single chain Rouse dynamic structure factor assumes the 

form: 
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With N: number of monomers; 〈𝑟𝑐𝑜𝑚
2 (t)〉: center of mass displace-

ment; 𝑅𝑒
2=𝑙𝑠𝑒𝑔

2 N: chain end to end distance; lseg: monomer length; 

w=
𝑊𝑙4

𝑙𝑠𝑒𝑔
4 : elementary relaxation rate and the scale independent 

“Rouse rate” 𝑊𝑙4 =
3𝑘𝐵𝑇𝑙𝑠𝑒𝑔

2

𝜉0
 ; with kB the Boltzmann constant; T 

the absolute temperature and ξ0 the monomeric friction coefficient.  

Recently it was shown that unentangled chains in the Rouse regime 

exhibit a transition from sub-diffusive center of mass displace-

ments 〈rcom
2(t)〉 to Fickian diffusion around their Rouse time22, 

whereas for tracer diffusion in highly entangled melts this transition 

occurs, when their 〈rcom
2(t)〉 reaches the size of the tube diameter. 

With this in consideration, and following the prediction of repta-

tion, we allow the 〈rcom
2(t)〉 to exhibit a cross over from sub-diffu-

sion at short times to Fickian diffusion at longer times fitting the 

cross over displacement 〈𝑟0
2〉. 

 

〈𝑟𝑐𝑜𝑚
2 (𝑡)〉 = ((𝑒−𝑙𝑜𝑔(〈𝑟0

2〉 (6𝐷𝐹𝑖𝑐𝑘 )⁄ )𝜇 〈𝑟0
2〉 𝑡𝜇)

𝑎𝑐𝑟𝑜𝑠𝑠

+ (6 𝐷𝐹𝑖𝑐𝑘  𝑡)𝑎𝑐𝑟𝑜𝑠𝑠 )
1 𝑎𝑐𝑟𝑜𝑠𝑠⁄

               (3) 

 

With μ the time exponent for sub-diffusion and 𝑎𝑐𝑟𝑜𝑠𝑠 an exponent 

describing the sharpness of the cross over; we took 𝑎𝑐𝑟𝑜𝑠𝑠=8. We 

note that by allowing <r2
com(t)> to be sub-diffusive at shorter times, 

we do not rule out the possibility that some of the lower p Rouse 

modes might be stretched as has been shown in literature,23,24 where 

stretching parameters such as 𝛽 = 0.86. .0.96  were reported. We 

tried to vary  by taking an initial guess at  = 0.8, which does not 

change the quality of our fit, neither does it change the value of  if 
fitted. In order to minimize the fitting parameters, we did not in-

voke further mode sub-diffusivity.  

 

We jointly fitted NSE data for all Q values at all temperatures by 

fixing DFick to the PFG-NMR values. 〈𝑟0
2〉, μ and the parameters 

defining 𝑓𝑡𝑟𝑎𝑛𝑠 (𝑝) were used as global parameters for all the data 

sets. The temperature dependence of Wl4 was varied using activa-

tion energy obtained from the PFG-NMR by fitting the joint pre-

factor only. As shown in Figure 2, excellent fits for all the NSE 

spectra are achieved.  

The joint fit results in the global parameters for 𝑓𝑡𝑟𝑎𝑛𝑠 : 𝑝𝑐𝑟𝑜𝑠𝑠 =
4.23 ± 0.12, 𝑝𝑤𝑖𝑑𝑡ℎ = 0.61 ± 0.086. For the sub-diffusivity, we 

observe very interesting features: For all temperatures sub-diffusiv-

ity is well described by a common μ=0.53±0.002. Furthermore, the 

cross-over to Fickian diffusion is observed to take place after the 

center of mass has covered an 〈𝑟0
2〉=1782±16 Å2 or a distance 42 

Å, a value in the order of the tube diameter d for PEO - from rhe-

ology d=34.5 Å,25 while microscopic observation by NSE delivered 

d=48 Å.26The exponent μ is very close to the prediction of reptation 
(μ=1/2), which to the best of our knowledge is the first experi-

mental validation of this prediction. However, we observe a cross-

over to Fickian diffusion, when the center of mass displacement has 
reached the size of the emerging tube. In contrast, common tube 

theories predict a 〈rcom
2(t)〉 ~ t1⁄2 until it crosses over to Fickian dif-

fusion around 𝜏𝑅
2.6,16 This finding  is in line with earlier observa-

tions of short tracer diffusion in highly entangled hosts, where the 

cross-over of the center of mass diffusion to Fickian diffusion was 

also observed at the time, when 〈𝑟0
2〉 has reached the size of the 

tube.12,13 There, we hypothesized that the cooperativity of chain 

motion is responsible for the expansion of the sub-diffusive region 

to a time scale that corresponds to the tube diameter, beyond which 

Fickian diffusion is observed. We note that a common cross-over 

〈rcom
2(t)〉 is not artificially produced by the fit. Fitting 〈𝑟0

2〉 sepa-

rately for each temperature does not change 〈𝑟0
2〉 significantly as 

shown in Table 2. 

 

Table 2. Fitting parameters obtained for the PEO using Eqs.(1)-(3).  

𝑇 / K 𝐷𝐹𝑖𝑐𝑘  

(m2s-1)* 

𝑊𝑙4 § / 

Å4ns−1  

𝜇 # 〈𝑟0
2〉 † / Å2 & 

 

350 0.75x10-12 5810 0.529  1782 

(1846±23)  

375 1.29x10-12 9698 0.529 1782 

(1986±24) 

415 2.66x10-12 19106 0.529 1782 
(2032±21) 

450 4.51x10-12 31476 0.529 1782 

(1797±17) 

*fixed from PFG-NMR; §error bar for joint fit ± 370 Å4ns-1; #error 

bar for joint fit ± 0.001; † error bar for joint fit ± 16 Å2; & the values 

in brackets display the results for 〈𝑟0
2〉 from separate fits. The ap-

parent discrepancy between the individual fit results and the that of 
the joint fit shows that beyond the quoted statistical errors parame-

ter correlations in the fitting procedure also may influence the out-

come. Within all these constraints the proper error margin might be 

in the order of ±100 – 200 Å2. 

 

The obtained 𝑓𝑡𝑟𝑎𝑛𝑠  (Eq. (1)) is displayed in Figure 3. Systemati-

cally suppressing the long wavelength modes, 𝑓𝑡𝑟𝑎𝑛𝑠  efficiently 

captures the topological constraints imposed by entanglements. 

The inflection point of pcross=4.3 remarkably agrees with the entan-
glement number of about 4 corresponding to Mw=8 kg/mol of our 

PEO. Therefore, although chosen phenomenologically, the fitted 

Fermi function is able to quantitatively capture the constraints to 

the conformational dynamics of chain portions with Mw > Me 
which renders the unobstructed relaxation of these modes unfeasi-

ble. It is noteworthy that any other transition function capable of 

systematically suppressing the lower Rouse modes should be able 

to capture these features.  

 

  

 Figure 3. Transition function governing the mode-amplitudes in 

the Rouse analysis 𝑓𝑡𝑟𝑎𝑛𝑠  for the PEO melt. 

Taking n=m in the limit t→∞, Eq. 2 provides information about the 
limiting or asymptotic internal mean square displacement (MSD) 

of each segment along the chain (relative to the center of mass).  

〈𝑟𝑛
2(𝑡 → ∞)〉 =

4

𝜋2
𝑅𝑒

2  ∑
1

𝑝2
𝑓𝑡𝑟𝑎𝑛𝑠 (𝑝) 𝑐𝑜𝑠 (
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𝑁
)

2𝑁
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           (4) 

 

Figure 4 presents the thus calculated asymptotic MSD for the mon-

omers along the chain as a function of the monomer number (n). 
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Figure 4. Square root of the asymptotic internal monomeric MSD 

for a polymer chain in the PEO melt as a function of monomer 

number along the chain (red line); the blue and green lines mark the 
corresponding MSD under the assumption of a modified relaxation 

time dispersion (see text). Grey line shows the monomeric MSD of 

a Rouse chain calculated without reduced mode amplitude. 

Qualitatively √〈𝑟𝑛
2(𝑡 → ∞)〉 displays the expected behavior: In the 

interior of a chain in the melt, the entanglement related chain con-
finement is clearly visible. Towards both chain ends the limiting 

MSD grows indicating the absence of constraints at the ends. The 

weak oscillations relate to the Fourier type description of the seg-
mental motion, where finite size effects occur. The average dis-

placement size is about 17-18 Å, which corresponds to approxi-

mately half of the tube diameter. This is a remarkable result, which 
is obtained without invoking more involved detailed analysis such 

as the anisotropic motion of polymer chain, as postulated by the 

pristine tube model. Note that in our reported Fourier time range, 

the dynamic structure factor (Figure 2) does not yet display any 
plateau, which in the absence of a detailed theory makes it impos-

sible to obtain the tube effects directly from the data. However, the 

Rouse mode analysis approach directly captures the transient topo-
logical confinements of the chain due to the emerging tube con-

straints, which otherwise requires a valid theory describing the 

chain dynamics in the cross over region from Rouse to reptation 
dynamics. The dynamics of a Rouse chain without mode re-

strictions presented in Figure 4 for comparison does not show any 

plateau but a gradual increase of the limiting displacement from 

central to the end monomers. We note that our approach has some 
analogy to the switching function approach reported by Schweizer 

and Szamel in context of the MCT.10  

As it is well known, for a polymer melt in the cross over regime 
from Rouse to reptation dynamics not only confinement is estab-

lished but also the spectrum of the relaxation time is changing.20,21 

We show in the SI that such changes in relaxation time spectrum 
only marginally affect the results of confinement (Figure S1 and 

S2).27 We rationalize this by considering an extreme case of a 

Fermi-step function. Then any relaxation change following this 
function (i.e. retardation of lower modes) would not be noticeable 

if the same step function is used to zero the amplitudes i.e. the re-

tardation of the lower mode amplitudes would make the variation 

of the relaxation spectra infinitely free. For a somewhat smoother 
transition, this will still hold up to some degree. In combination 

with the approximate interchangeability of rate and amplitude mod-

ulation within the finite time-Q range of NSE, the above observa-

tion is not too surprising.  

We conclude that the confinement largely bases on the modifica-

tion of the mode amplitudes obtained from a Rouse mode analysis. 

Changing p in addition, only very weakly affects the confinement. 

Finally, we note that by varying the relaxation spectrum without 

imposing confinement (retardation of the Rouse modes) the NSE 

data cannot be fitted. 

We summarize the key results from Rouse mode analysis of weakly 

entangled PEO melt as follows: 

• We achieved an excellent data description in terms of the 
applied model covering all twenty spectra at 4 different 

temperatures using a joint fit with common parameters. 

• For the center of mass displacement, we experimentally 

established the predicted t1/2 regime.  

• However, consistent with previous observations on short 

tracer chains in a highly entangled polymer matrix,12,13  
the cross-over to Fickian diffusion takes place not at the 

Rouse time, but at a later time, when the center-of-mass 

〈rcom
2(t)〉has covered a distance corresponding to the tube 

diameter.  

• The Rouse mode analysis led to the reduction of low 
mode number amplitudes reflecting the emerging con-

finement that for higher molecular weights would repre-

sent the tube.  

• The resulting limiting monomeric MSD in the center of 

mass system of the chain reflects the emerging chain con-

finement.   

 

ASSOCIATED CONTENT  

Supporting Information:  
(1) Synthesis details for the hydrogenated and deuterated polyeth-

ylene oxide; (2) NSE data analysis using cross-over functions for 

p-dependence of the mode relaxation times and Rouse mode am-

plitudes; (3) Relaxation spectra calculated for different model pa-
rameters.  

“This material is available free of charge via the Internet at 

http://pubs.acs.org.”  

Corresponding Authors 

*Margarita Kruteva: m.kruteva@fz-juelich.de 

*Aakash Sharma: a.sharma@fz-juelich.de   

Author Contributions 

All authors have given approval to the final version of the manu-

script.  

ACKNOWLEDGMENT  

We acknowledge Barbara Gold for experiments on melt poly-eth-

ylene oxide. 

REFERENCES 

(1)  Doi, M.; Edwards, S. F. The Theory of Polymer Dynamics; 

Oxford university press: New York, 1988. 

(2)  Rubinstein, M.; Colby, R. H. Polymer Physics, Vol 23.; 

Oxford university press: New York, 2003. 

(3)  Benallal, A.; Marin, G.; Montfort, J. P.; Derail, C. Linear 

Viscoelasticity Revisited: The Relaxation Function of 

Monodisperse Polymer Melts. Macromolecules 1993, 26 

(26), 7229–7235. 

(4)  Richter, D.; Monkenbusch, M.; Allgeier, J.; Arbe, A.; 

Colmenero, J.; Farago, B.; Cheol Bae, Y.; Faust, R. From 

Rouse Dynamics to Local Relaxation: A Neutron Spin 
Echo Study on Polyisobutylene Melts. J. Chem. Phys. 

1999, 111 (13), 6107–6120. 

0 20 40 60 80 100 120140 160180200
0

10

20

30

40

50

60

√
(〈

r n
2
 (

t→
∞

)〉
 )

 (
Å

)

monomer number (n)

mailto:m.kruteva@fz-juelich.de
mailto:a.sharma@fz-juelich.de


 

https://doi.org/10.1063/1.479907. 

(5)  Richter, D.; Monkenbusch, M.; Arbe, A.; Colmenero, J. 

Neutron Spin Echo in Polymer Systems; Springer Berlin 

Heidelberg: Berlin, Heidelberg, 2005. 

https://doi.org/10.1007/b99835. 

(6)  McLeish, T. C. B. Tube Theory of Entangled Polymer 

Dynamics. Adv. Phys. 2002, 51 (6), 1379–1527. 

https://doi.org/10.1080/00018730210153216. 

(7)  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 (9), 5822–

5839. https://doi.org/10.1063/1.457534. 

(8)  Schweizer, K. S.; Fuchs, M.; Szamel, G.; Guenza, M.; 

Tang, H. Polymer-Mode-Coupling Theory of the Slow 
Dynamics of Entangled Macromolecular Fluids. 

Macromol. Theory Simulations 1997, 6 (6), 1037–1117. 

https://doi.org/10.1002/mats.1997.040060604. 

(9)  Schweizer, K. S.; Szamel, G. Diffusion and Relaxation of 
Chain Polymer Liquids. Philos. Mag. B Phys. Condens. 

Matter; Stat. Mech. Electron. Opt. Magn. Prop. 1995, 71 

(4), 783–791. 

https://doi.org/10.1080/01418639508238568. 

(10)  Schweizer, K. S.; Szamel, G. Mode-Coupling Theory of 

Entangled Polymer Fluids. Transp. Theory Stat. Phys. 
1995, 24 (6–8), 947–977. 

https://doi.org/10.1080/00411459508203941. 

(11)  Guenza, M. Many Chain Correlated Dynamics in Polymer 

Fluids. J. Chem. Phys. 1999, 110 (15), 7574–7588. 

https://doi.org/10.1063/1.478660. 

(12)  Kruteva, M.; Zamponi, M.; Hoffmann, I.; Allgaier, J.; 

Monkenbusch, M.; Richter, D. Non-Gaussian and 
Cooperative Dynamics of Entanglement Strands in 

Polymer Melts. Macromolecules 2021, 54 (24), 11384–

11391. https://doi.org/10.1021/acs.macromol.1c01859. 

(13)  Zamponi, M.; Kruteva, M.; Monkenbusch, M.; Willner, 

L.; Wischnewski, A.; Hoffmann, I.; Richter, D. 

Cooperative Chain Dynamics of Tracer Chains in Highly 

Entangled Polyethylene Melts. Phys. Rev. Lett. 2021, 126 
(18), 187801. 

https://doi.org/10.1103/PhysRevLett.126.187801. 

(14)  Kremer, K.; Grest, G. S. Dynamics of Entangled Linear 
Polymer Melts: A Molecular-Dynamics Simulation. J. 

Chem. Phys. 1990, 92 (8), 5057–5086. 

https://doi.org/10.1063/1.458541. 

(15)  Kalathi, J. T.; Kumar, S. K.; Rubinstein, M.; Grest, G. S. 

Rouse Mode Analysis of Chain Relaxation in 

Homopolymer Melts. Macromolecules 2014, 47 (19), 

6925–6931. https://doi.org/10.1021/ma500900b. 

(16)  Halverson, J. D.; Lee, W. B.; Grest, G. S.; Grosberg, A. 

Y.; Kremer, K. Molecular Dynamics Simulation Study of 

Nonconcatenated Ring Polymers in a Melt. II. Dynamics. 
J. Chem. Phys. 2011, 134 (20), 204905. 

https://doi.org/10.1063/1.3587138. 

(17)  Barbara J. Gold and FALUS Peter. (2017). Association of 
End-Functionalized Supramolecular Poly(Ethylene 

Glycol) in the Melt State. Institut Laue-Langevin (ILL) 

Doi:10.5291/ILL-DATA.TEST-2660. 

(18)  Zardalidis, G.; Mars, J.; Allgaier, J.; Mezger, M.; Richter, 

D.; Floudas, G. Influence of Chain Topology on Polymer 

Crystallization: Poly(Ethylene Oxide) (PEO) Rings: Vs. 

Linear Chains. Soft Matter 2016, 12 (39), 8124–8134. 

https://doi.org/10.1039/c6sm01622g. 

(19)  Niedzwiedz, K.; Wischnewski, A.; Pyckhout-Hintzen, 

W.; Allgaier, J.; Richter, D.; Faraone, A. Chain Dynamics 
and Viscoelastic Properties of Poly(Ethylene Oxide). 

Macromolecules 2008, 41 (13), 4866–4872. 

https://doi.org/10.1021/ma800446n. 

(20)  Richter, D.; Willner, L.; Zirkel, A.; Farago, B.; Fetters, L. 

J.; Huang, J. S. Onset of Topological Constraints in 

Polymer Melts: A Mode Analysis by Neutron Spin Echo 

Spectroscopy. Phys. Rev. Lett. 1993, 71 (25), 4158–4161. 

https://doi.org/10.1103/PhysRevLett.71.4158. 

(21)  Richter, D.; Willner, L.; Zirkel, A.; Farago, B.; Fetters, L. 

J.; Huang, J. S. Polymer Motion at the Crossover from 
Rouse to Reptation Dynamics. Macromolecules 1994, 27 

(25), 7437–7446. https://doi.org/10.1021/ma00103a029. 

(22)  Zamponi, M.; Weschnewski, A.; Monkenbusch, M.; 
Willner, L.; Richter, D.; Falus, P.; Farago, B.; Guenza, M. 

G. Cooperative Dynamics in Homopolymer Melts: A 

Comparison of Theoretical Predictions with Neutron Spin 

Echo Experiments. J. Phys. Chem. B 2008, 112 (50), 

16220–16229. https://doi.org/10.1021/jp807035z. 

(23)  Padding, J. T.; Briels, W. J. Time and Length Scales of 

Polymer Melts Studied by Coarse-Grained Molecular 
Dynamics Simulations. J. Chem. Phys. 2002, 117 (2), 

925–943. https://doi.org/10.1063/1.1481859. 

(24)  Paul, W.; Smith, G. D.; Yoon, D. Y.; Farago, B.; 
Rathgeber, S.; Zirkel, A.; Willner, L.; Richter, D. Chain 

Motion in an Unentangled Polyethylene Melt: A Critical 

Test of the Rouse Model by Molecular Dynamics 

Simulations and Neutron Spin Echo Spectroscopy. Phys. 
Rev. Lett. 1998, 80 (11), 2346–2349. 

https://doi.org/10.1103/PhysRevLett.80.2346. 

(25)  Fetters, L. J.; Lohse, D. J.; Richter, D.; Witten, T. A.; 
Zirkel, A. Connection between Polymer Molecular 

Weight, Density, Chain Dimensions, and Melt 

Viscoelastic Properties. Macromolecules 1994, 27 (17), 

4639–4647. 

(26)  Gold, B. J.; Pyckhout-Hintzen, W.; Wischnewski, A.; 

Radulescu, A.; Monkenbusch, M.; Allgaier, J.; Hoffmann, 

I.; Parisi, D.; Vlassopoulos, D.; Richter, D. Direct 
Assessment of Tube Dilation in Entangled Polymers. 

Phys. Rev. Lett. 2019, 122 (8), 88001. 

https://doi.org/10.1103/PhysRevLett.122.088001. 

(27)  Teramoto, A.; Fujita, H. Temperature and Molecular 

Weight Dependence of the Melt Viscosity of Polyethylene 

Oxide in Bulk. Die Makromol. Chemie 1965, 85, 261–272. 

 

 



 

 

6 

Table of Contents artwork 

Title: Chain confinement and anomalous diffusion in the cross over regime between Rouse and 

reptation  

1Aakash Sharma*, 1Margarita Kruteva*, 1Jürgen Allgaier, 2Ingo Hoffmann, 2Peter Falus, 1Michael Monkenbusch and 1Dieter 

Richter 

 

 


