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By neutron spin echo spectroscopy (NSE) we have studied the center of mass motion of short tracer
chains on the molecular length scale within a highly entangled polymer matrix. The center of mass
mean square displacements of the tracers independent of their molecular weight is sub-diffusive
at short times until it has reached the size of the tube d; then a cross over to Fickian diffusion
takes place. This observation cannot be understood within the tube model of reptation, but is
rationalized as a result of important inter-chain couplings that lead to cooperative chain motion
within the entanglement volume ∼ d3. Thus, the cooperative tracer chain motions are limited by
the tube size d. If the center of mass displacement exceeds this size, uncorrelated Fickian diffusion
takes over. Compared to the prediction of the Rouse model we observe a significantly reduced
contribution of the tracer’s internal modes to the spectra corroborating the finding of cooperative
rather than Rouse dynamics within d3.

PACS numbers: 82.35.Lr, 29.30.Hs, 83.80.Sg, 81.16.Fg

In the melt long chain polymers interpenetrate strongly
and entangle; the reptation model, a phenomenological
approach, describes the resulting topological constraints
by a virtual tube which follows the primitive path of a
given test chain [1]. Chains slither along this tube obey-
ing thereby the topological constraints. As an important
further assumption friction manifests itself only on the
monomer level. Aside from the tube approach theoreti-
cal concepts were brought forward with the aim to un-
derstand the dynamics in long chain melts on a more fun-
damental level. In the mode coupling (MCT) approach
of Schweizer [2] the tube ideas are replaced by strong
non-linear couplings between collective density fluctua-
tions on the scale of the chain radius of gyration Rg.
MCT leads to slowly fluctuating intermolecular forces
that overcome the fast local dynamics rapidly [3]. The
model predicts macroscopic transport coefficients, how-
ever cannot depict properly the internal chain dynamics.
Generalizing Schweizer’s MCT approach, Guenza [4] con-
sidered a Generalized Langevin Equation (GLE), where
as a result of chain interpenetration the chain motion is
coupled within the range of their radius of gyration by a
Gaussian inter-chain potential of mean-force. Tube con-
cepts compared to models involving collective dynamics
differ essentially in the expectation for the dynamics of
tracer chains in a strongly entangled matrix. As friction
is a local phenomenon, within the tube approach topolog-
ical constraints do not affect tracer chains with a length
in the order of an entanglement distance. As a result free
center of mass motion of the tracers has to be expected.
On the other hand, inter-chain coupling causes coopera-
tivity of chain motion also in the dynamics of short trac-
ers. In this context chain-chain interaction can no longer
be lumped into a simple local friction. In consequence co-
operativity of motion is expected to affect short tracers,
in particular on short length scales, in the range of the in-

teraction potential. The Rouse model treats the dynam-
ics of a Gaussian chain in a heat bath [3]. There the chain
is subject to entropic forces and bead friction (monomo-
eric friction coefficient ξ0) giving rise to a center of mass
diffusion DR = kBT/(Nξ0), where N is the number of
monomers, kB the Boltzmann constant and T the tem-
perature. Some years ago MD simulation in concert with
neutron spin echo studies indicated sub-diffusive behav-
ior of the self-diffusion of short chains at times t shorter
than the longest intra-chain relaxation time, the Rouse
time τR =

ξ0N
2l20

3π 2kBT
≡ 36R4

g

π 2Wl40
, (l0 the monomer length

and the Rouse rate Wl40 = 3kBT l
2
0/ξ0) [5, 6]. Later on

these results were corroborated and augmented by Zam-
poni et al. showing that for short and weakly entangled
chains the short time sub-diffusive mean square displace-
ment (MSD) displays a cross over to Fickian diffusion
at a decorrelation time of about τR of the respective
chains [7]. The phenomenon was interpreted in terms
of Guenza’s GLE approach [7, 8]. The inter-chain cou-
pling involves the lowest Rouse modes and the diffusion
causing its sub-diffusivity. Recently Guenza [9] hypothe-
sized that in strongly entangled melts cooperative chain
fluctuations are restricted to the entanglement volume
∼ d3. Tracer diffusion so far was studied with macro-
scopic techniques and an impressive set of asymptotic
tracer diffusion results is available [10]. However, the ini-
tial regime with displacements in the range of the tube
diameter, the typical length scale imposed by the matrix
polymer, is inaccessible by these techniques.

In this work, addressing this molecular length scale us-
ing neutron spin echo spectroscopy (NSE), we present a
systematic study of the MSD of short tracer chains with
lengths in the range of an entanglement strand dispersed
in a highly entangled host matrix focusing on the tracer
chain. The following results stand out: (i) At short times
independent of chain length all tracer chains display sub-
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diffusive center of mass motion
〈
r2com(t)

〉
∼ tβ with β '

0.6 . . . 0.8; (ii) when the center of mass MSD of the trac-
ers has reached a critical value corresponding to the size
of the tube confinement ' d2, a cross over to Fickian dif-
fusion (Dtr ∼ N−1.85±0.05) is observed; (iii) compared
to the Rouse prediction the contributions of the tracer’s
internal motion are significantly reduced; (iv) these find-
ings strongly support the hypothesis of cooperative chain
motion within the entanglement volume ∼ d3 rather than
individual Rouse like chain relaxation as commonly sup-
posed - an important feature that is missed by the repta-
tion approach and neither revealed by MCT nor by GLE.

We studied the dynamic structure factors from la-
belled (hydrogenated) polyethylene (PE) tracer chains in
a deuterated high molecular weight PE melt. 4 different
tracer molecular weights: 1.1, 2.15, 2.9, 4.16 kg/mol were
investigated. The PE samples were obtained from an-
ionically polymerized 1,4-polybutadiene and subsequent
hydrogenation. The molecular weight of the long chain
PE matrix was 40 kg/mol - a molecular weight, where
within the accessible NSE time range tube dissolving ef-
fects like contour length fluctuations and constraint re-
lease do not play a role [11]. It was prepared accord-
ingly from fully deuterated 1,4-polybutadiene and sub-
sequent deuteration. Each sample contained 5% pro-
tonated tracer molecules (2.9K: 6%) in the deuterated
PE matrix (for the molecular characteristics see Table
I). The entanglement molecular weight Me ' 2.0 kg/mol

TABLE I. Molecular weight of the tracer polymers Mn, dis-
persity Ð=Mw/Mn, number of monomers N , Rouse diffusion
coefficient DR, tracer diffusion coefficients Dtr measured by
NSE with an estimated statistical error of at most 2.0%

Mn/ kg/mol Ð N DR/ m2/s DNSE
tracer/ m2/s

PE1 1.1 1.05 76 1.3× 10−10 1.07 ×10−10

PE2 2.15 1.05 147 6.5 ×10−11 2.8× 10−11

PE3 2.9 1.03 200 4.8× 10−11 1.6× 10−11

PE4 4.16 1.02 285 3.3× 10−11 0.8× 10−11

for PE is inferred from the tube diameter d and was mea-
sured for long chain melts by NSE [11, 12].

The experiments were performed using the IN15
spectrometer at Institut Laue-Langevin in Grenoble
[13, 14] at T = 490K [15] spanning a time range
0.3 ns ≤ t ≤ 500 ns with a range of momentum trans-
fers 0.03Å−1 ≤ q ≤ 0.08Å−1. The signal is dominated
by the coherent single chain dynamic structure factor
S(q, t)/S(q, 0) of the protonated tracer chains. How-
ever, at finite concentration the structure factor of the
long matrix chains with largely different dynamics also
contributes to the observed spectra, in particular adding
a very slow component in the “plateau regime” at long
times. The effect can be described and quantified in the
framework of the dynamic random phase approximation
(RPA) for polymer mixtures [16, 17]. The computed ra-
tio of model functions with and without this RPA con-
tribution yield time-dependent correction factors. To ex-
emplify, Fig. 1 displays the NSE spectra obtained from

the PE1 sample together with the result of the dynamic
RPA corrections. While the NSE spectra display a first
decay that transforms into a plateau at long times, the
dynamic RPA corrected spectra omit the plateauing and
fall off continuously as is expected for a diffusing chain.
The long time plateaus are a consequence of the RPA
caused mixing of the dynamic structure factors from the
short and long chains, the latter displaying the character-
istic tube confinement restrictions at long times [11, 12].

The thus corrected dynamic structure factors S(q, t)
allow to extract

〈
r2com(t)

〉
from

S(q, t)

S(q, 0)
= exp

(
−q

2

6

〈
r2com (t)

〉)
f int
Rouse (q, t) (1)

where f intRouse describes the contribution of the inter-
nal modes to S(q, t) [18]. For q = 0.03 and 0.05Å−1

f intRouse ' 1 and an extraction of
〈
r2com(t)

〉
is possible.

With increasing q and chain length f intRouse is expected to
contribute more significantly to the dynamic structure
factor (see fig. S4 in Supplemental Material (SM) [19]).
However, as it turns out, applying the Rouse correction as
described in the SM [19] overcorrects the center of mass
MSD. The insert in Fig. 2b compares the obtained MSD
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FIG. 1. Illustration of the dynamic RPA effect on the scatter-
ing function from the PE1 tracer chain at q-values from above:
0.03, 0.05, 0.08Å−1. The open symbols show the experimen-
tal NSE spectra, the solid colored lines the result of fitting
with the dynamic RPA model and dashed colored lines the
RPA corrected scattering function. The results for 0.03Å−1

and for longer tracers turned out to be affected by too high
instrument background and were omitted.

for the PE3 sample at q=0.05 Å−1 and q=0.078 Å−1
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with and without applying corrections for the internal
Rouse modes. From the inset in Fig. 2b it is quite clear
that compensating for the expected internal mode con-
tributions, at q=0.078 Å−1 overcorrects

〈
r2com(t)

〉
. The

mode corrections at q=0.05 Å−1 are negligible, there-
fore, the congruence of the MSD derived from q=0.078
Å−1 without Rouse mode corrections with those from
q = 0.05Å−1 is a strong indicator that the internal modes
contribute much less than the Rouse model predicts. We
conclude that the expected Rouse mode contribution to
the spectra from the tracers does not materialise and
consequently we evaluated the MSD without the Rouse
correction. Fig. 2a displays the NSE based MSD for the
tracers of different chain length separately, revealing the
results from the two different q values taken into account.
For all tracer chains we observe a cross over from sub-
diffusive

〈
r2com(t)

〉
∼ tβ at short times to

〈
r2com(t)

〉
∼ t

at longer times. In the sub-diffusive regime, the time ex-
ponents amount to β ' 0.6 · · · 0.8 with β decreasing for
increasing Mw. In the linear time regime the obtained
MSDs perfectly coincide with the MSD’s extrapolated
from NMR (SM [19]) and scanning infrared microscopy
[10] (SIRM, Fig. 3) diffusion coefficients. Thus, the ob-
served cross over phenomenon is the transition from local
sub-diffusion to long range Fickian diffusion of the tracer.

Shifting the data horizontally with the ratio of diffu-
sion coefficients onto one master curve (Fig. 2b) corrob-
orates the phenomenon of a common cross-over MSD for
all tracers: The location of the MSD at cross-over does
not depend on the tracer chain length and is character-
ized by a critical MSDcr value. Fits of the MSDcr for
the different tracers revealed PE1: 1970 ±100 Å2 ; PE2:
1975±100 Å2 ; PE3: 1900 ±100Å2 and PE4: 1400 Å2

(with a difficulty to specify error; the Fickian diffusion
regime is too short). This observation qualitatively dif-
fers from an earlier experiment on the self-diffusion in
PE-melts with molecular weights around the entangle-
ment molecular weight Me [7]. There, also a cross-over
from sub-diffusivity at short times to a Fickian regime
was observed. However, this cross-over occurred around
the respective Rouse times τR of the different chains with〈
r2com(τR)

〉
' R2

g and could be well understood in terms
of inter-chain coupling on the scale of the Rg. Since R2

g

is proportional to N , there the cross-over MSD depends
linearly on the chain length.

The present investigation yields MSD for all tracers
with a cross-over at about 2000Å2, independent of the
tracer chain length. From NSE experiments the tube
diameter of the PE matrix had been determined to
d2 = (47 Å)2 = 2209 Å2 [11, 12]. We note that tube
dilution effects at low tracer concentrations are neglible
[24]. Apparently the cross-over observed for the tracer
MSD directly relates to the tube confinement exercised
by the entangled matrix.

The long time diffusion coefficients are obtained from
fitting

〈
r2com(t)

〉
= 6Dtrt in the linear time regime, where〈

r2com(t)
〉
∝ t (Table 1). Together with macroscopic re-
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FIG. 2. a: Center of mass mean square displacements MSD
obtained from the RPA corrected NSE spectra. From above:
PE1 (dots), PE2 (triangles), PE3 (squares), PE4 (stars); for
better visibility the PE3 and PE4 MSD are shifted downwards
by factors of 5 and 10 respectively. The dashed lines display
the MSD due to Fickian diffusion, while the solid lines are
fits to the sub-diffusive regimes. b: Master plot obtained by
scaling the time axis by factors: PE1 1.0; PE2: 0.26; PE3:
0.15; PE4: 0.075, symbols are the same as in part a. The line
indicates the Fickian diffusion law 〈r2com (t)〉 ∼ t . The arrow
marks the cross-over MSD. The insert displays the MSDs ob-
tained for PE3 from q=0.05 Å−1 (triangle) and from q=0.08
Å−1 with (dots) and without (reversed triangle) correction
for the internal Rouse modes.

sults fig. 3 displays the resulting Dtr as a function of
molecular weight. Assuming no further intermediate dif-
fusion regime these limiting values should be consistent
with the diffusion coefficients obtained by macroscopic
methods. This is very well fulfilled. We include earlier
SIRM results (squares) [10] as well as our PFG-NMR
results (triangles) (see SM [19]). Finally, the Rouse pre-
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diction DR (blue solid line) is also shown. Compared to
the expectation from the Rouse modelDR ∝ N−1 the ob-
served tracer diffusion is significantly slowed down and its
molecular weight dependence is much steeper than N−1

and rather follows a slope Dtr ∝ N−1.85±0.05. Other
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FIG. 3. Fickian diffusion coefficients at 490K for different
tracer chains as a function of number of monomers N: red
dots: NSE; blue squares: scanning infrared microscopy [10];
pink triangles: PFG-NMR [19]. The interpolating black line
marks a power law relationship: Dtr ∼ N−1.85, the blue line
shows the power law DRouse ∼ N−1

than for shorter chain melts, the apparent effective fric-
tion coefficient ξ0 for tracer diffusion is determined by
the long chain matrix and constant [25]. Therefore, all
dependencies on tracer chain length are not related to
different friction factors. For all tracer chains we empha-
size the good agreement between our microscopic and the
macroscopic diffusion data both from NMR (µm scale) as
well as from SIRM (mm scale). Apparently the coupling
mechanism leading to cooperative chain dynamics is also
responsible for the observed strong N -dependence of the
tracer diffusion coefficient (fig.3).

As the success of the packing model for entanglement
formation suggests, entanglements appear to be a col-
lective phenomenon involving a significant number of
chains: As has been shown for a multitude of different
polymer classes, for the formation of an entanglement in
a polymer melt about 20 uninterrupted chains need to
pass through a given volume that then defines the entan-
glement volume d3 [26]. This relationship was obtained
by analyzing the connection between chain conformation,
chain volume and rheological response. Our results dis-
play the dynamic counterpart: within a volume spanned
by the entanglement distance, chain motion is strongly
coupled. It decorrelates for larger distances: After the
tracer chain has moved by about one entanglement dis-

tance by center of mass diffusion the inter-chain coupling
is lifted and the cross over to Fickian diffusion is ob-
served. Since the entanglement distance is determined by
the matrix, the cross over is observed at the same length
scale independent of the tracer chain length. Thus, en-
tanglements limit the range of cooperative dynamics and
the hypothesis of Guenza is corroborated [9]. We note,
however, that in Guenza’s theory the entanglement po-
tential is not derived by a fundamental approach but has
been added to the GLE heuristically. Schweizer’s MCT
approach relates to the correlation hole effect that takes
place on the scale of Rg and does also not reveal the
entanglement scale.

The nature of friction is another important issue:
As mentioned above, in the reptation concept friction
strictly is a local property establishing itself on the level
of the polymer segment or monomer. Recent experi-
mental results on local diffusion and internal relaxation
of POSS particles that consisted of a silica core with
polyethylene-oxide (PEO) oligomers attached to it, in a
strongly entangled PEO matrix revealed a significant in-
crease of the Rouse friction coeffcient with the increase
of the host molecular weight [27]. Evidently, the effec-
tive friction experienced by the probe particle that was
significantly smaller than the entanglement distance in
PEO (2 vs. 5 nm), depends on how far the entanglement
network is developed. We rationalize our observation of
cooperative chain motion in the entanglement volume by
suggesting that friction appears to be non-local on the
scale of an entanglement.

As mentioned earlier, experimentally, evidence for
chain coupling effects were observed on short chain melts
with chains in the order of an entanglement length and
below [4, 6, 7]. There, cross over effects to Fickian dif-
fusion were found around a MSD ≈ R2

g and τcross ' τR
being consistent with MCT and GLE expectations. In
contrast, short tracers acting as probes in a strongly en-
tangled melt, even though with lengths below or slightly
above the entanglement molecular weight move cooper-
atively with the host chains to an extend limited by the
tube size. Decorrelation is governed by the host: in-
dependent of tracer length, whenever the tracer MSD
reaches a value comparable with the entanglement dis-
tance of the host, the tracer dynamics becomes uncorre-
lated and the cross over to Fickian diffusion takes place.
The observation tells us about the range of cooperative
motion in a strongly entangled melt and appears as the
dynamic counterpart to the packing model, where a crit-
ical volume spanned by about 20 interpenetrating chains
leads to the formation of an entanglement. The observed
cooperativity of chain dynamics within an entanglement
volume also contradicts the common assumption of sim-
ple Rouse dynamics within the tube that e.g. is a basis
element in the interpretation of rheology results. As theo-
retical models on fundamental grounds predict a coupling
range corresponding to Rg, the detailed coupling mecha-
nism behind our observations will need further theoreti-
cal scrutiny.
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