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Reentanglement dynamics of a highly stretched
polymer chain in fixed networks and polymer
melts

Nuofei Jiang* and Evelyne van Ruymbeke *

The reentanglement dynamics of a polymer melt which is well entangled at equilibrium but becomes

disentangled after large deformation represent a key aspect of polymer entanglement dynamics that

cannot be addressed from the classic reptation model that assumes constant topological constraints. In

this work, we contribute to this subject by presenting a comprehensive comparison of reentanglement

dynamics between a highly stretched polymer probe in fixed networks and polymer melts containing

equally stretched chains, from theoretical analysis and computer simulations. Whereas the relaxation of

a polymer probe in networks can be well explained by the reptation theory, a new theoretical picture is

proposed to describe the reentanglement process of a polymer melt, which predicts a relaxation

pathway distinct from the network case. Nevertheless, the full recovery time in the melt remains

consistent with the disentanglement time. These theoretical predictions are subsequently tested against

two sets of simulations. Our single-chain Langevin simulations in networks show quantitative agreement

with reptation theory for both equilibrium and reentanglement dynamics. In contrast, multi-chain melt

simulations confirm qualitative differences from the network case when relaxing from a highly stretched

state, consistent with our theoretical predictions. Other similarities and distinctions are examined

through primitive path analysis and stress relaxation. Overall, our combined theoretical and simulation

results enhance the understanding of experimental observations of reentanglement dynamics and

provide new insights into out-of-equilibrium behavior across multiple time scales.

I Introduction

Flexible polymer chains in their liquid states take the configu-
ration of random coils under thermodynamic equilibrium.1,2

Meanwhile, polymer chains are easily elongated under external
stimulations like shear or extensional flows. The relaxation of
highly deformed polymers to their equilibrium configurations
after removing these stimulations plays an important role in
many applications. For example, in the fused filament fabrica-
tion of 3D printing, the welding time must be compatible with
the relaxation time of the extruded molten polymers, where the
polymer chains are highly stretched.3–5 Otherwise, the fabri-
cated materials may suffer from weak interfaces due to the
short welding time, or they cannot retain their shapes when the
welding time is too long. Another field where the relaxation
dynamics are considered important is polymer crystallization.6,7

When the polymer chains remain orientated after processing,

the crystallization kinetics are significantly accelerated, and unique
crystal morphologies are formed.

The stretch-to-coil dynamics of polymers in the unentangled
state are described by the Rouse model or the Zimm model
when hydrodynamics interaction (HI) is important. For
entangled polymers, their relaxation is usually explained from
the classic tube model combining the reptation motion with
other mechanisms including contour length fluctuation (CLF)
and constraint release (CR). Under this framework, the relaxa-
tion of a linear chain in its monodispersed melt can be
considered for two different cases. In the first case, the
entangled sample is relaxed after a step shear or extensional
strain. Assuming that the entangled network is deformed but
the density of entanglements remains unchanged, the polymer
chain relaxes via two steps: (i) for t { tR, where tR D t0N2 is the
Rouse time, t0 is the segmental relaxation time, N is the
number of Kuhn segments per chain, the primitive path (PP),
which is the shortest path connecting chain ends without
violating topological constraint, retracts to its equilibrium
contour length along the deformed tube; (ii) for tR { t { td,
where td D t0N3Ne

�1 D tRZ is the disentanglement time,
Ne is the number of Kuhn segments per entanglement strand,
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Z D N/Ne is the entanglement number, PP reorients via repta-
tion motion until all segments have renewed their positions
from the original tube. This two-step relaxation mechanism
successfully explained the experimental data regarding the
time-strain separability of stress relaxation moduli in the non-
linear deformation regime and predicted the damping function
without any adjustable parameters.1

The other case to consider is chain relaxation after applying
a persistent flow, then stopping it in steady state. Compared to
step strain, a persistent flow can significantly break the entan-
glement network when the flow rate is larger than the chain
stretching rate 1/tR. The elongated chains are weakly entangled
with each other because the magnitude of chain overlapping
is reduced. There are many direct evidences from molecular
dynamics (MD) simulations showing the low entangled state
after subjecting to a flow,8 from the so-called primitive path
analysis (PPA).9,10 Besides flows, experimentally there are some
other strategies to obtain a disentangled sample, like freeze-
drying from dilute solutions.11 The as-prepared polymer chains
take coiled configurations in this case. Starting from a disen-
tangled state, the stretch-to-coil transition must be coupled
with the reconstruction of the entanglement network.

One useful method to investigate the reentanglement
dynamics experimentally is to perform interrupted shear
measurement.12,13 That is, after the cessation of a shear flow
from its steady state, the same shear field is reapplied to the
sample after a particular rest time. When the rest time is short
and the entanglement network has not fully reconstructed, the
stress overshoot at the start-up of the second shear stage is
significantly weaker than the initial overshoot observed when
starting from a well-equilibrated state. The stress overshot is
gradually recovered with the increase of rest time until full
recovery. This protocol has been reproduced in a recent study
from MD simulations.14 The experimental data by Roland
et al.12,13 showed that the rest time needed for the full recovery
of stress overshoot is much longer than the disentanglement
time from linear viscoelasticity (LVE) measurement when it is
estimated by fitting the terminal regime of linear relaxation
modulus from the exponential decay function (1.5 decades
longer in entangled polybutadiene (PB) solutions in the range
of 17–47 entanglements, and 2 decades longer in polyiso-
butylene (PIB) melt of 5 entanglements). Despite the difference,
it must be noted that the chain-length dependence of entangle-
ment recovery time was found to be the same as the terminal
relaxation time (scales as N3.4).12 In the level of a scaling
argument which ignores the numerical factors, it means that
the reentanglement time of a disentangled melt still agrees
with that of a stretched chain in a network with fixed number of
obstacles, and the reorientation of PP via reptation remains the
governing mechanism of reentanglement. The explanation of
mismatch of the time-scale magnitude is that the typical
definition of relaxation time from the exponential decay func-
tion is the time scale when the stress after a linear deformation
is relaxed by a factor of 1/e compared to the plateau value.
On the contrary, the full recovery of entanglements corresponds
to the time when the stress is almost completely relaxed.13

Although the full recovery of entanglements seems to agree
with the equilibrium dynamics in terms of dependence on
chain length, clearly the reconstruction of the entanglement
network at different time scales and its reliance on molecular
parameters of the material cannot be understood under the
framework of the tube model. Some tube-based constitutive
models for entangled polymers incorporate the change of
entanglement number with deformation via the so-called con-
vective constraint release (CCR) mechanism.15–19 In the CCR
models, the rate of renewing an entanglement is accelerated in
a highly deformed state, and thus the disentanglement and
reentanglement effects are included implicitly. Meanwhile, it is
also assumed in these models that there is a constant tube
diameter. Some other approaches of modelling entangled
polymers, like the single-chain20 and multi-chain21 slip-link
models, also implement entanglement dynamics with the CCR
mechanism. In a later refinement of the CCR model,22 the
change of entanglement density is described explicitly and the
rate of disentanglement is assumed to be proportional to the
rate of CCR. However, the relationship between the instant
structure of the polymer chains and the entanglement number
in this model still relies on an adjustable parameter, whose
physical origin remains ambiguous.

Recently, a different picture of reentanglement dynamics of
polymer melts was proposed by Dolata et al.,23,24 claiming that
reentanglement can occur in the scale of the Rouse time tR.
Their theoretical consideration is that the creation of entangle-
ment are controlled by CLF of the surrounding chains, relaxing
in the scale of tR.23 Thus, reentanglement from a disentangled
state will be accelerated, leading to a recovery faster than
disentanglement time td. The authors referred to MD simu-
lation data as support of their argument, showing that the
equilibrium entanglement number is recovered at around 3tR.
Such fast reentanglement dynamics were also reported by
Boudaghi et al.25 from MD simulations. We comment here that
to distinguish the Rouse time from the disentanglement time
one needs to check the power-law exponent with chain length
(tR B N2 while td B N3). Those reports of fast reentanglement
dynamics were then discussed by Córdoba et al.,26 who
observed from discrete slip-link model simulations that a
fraction of entanglements are renewed by the Rouse time tR,
but the reentanglement process finishes by the disentangle-
ment time td.

In this study, we will investigate the role of molecular
environment on the reentanglement dynamics by comparing
the relaxation between a highly stretched polymer chain in
fixed networks and in a polymer melt of equally stretched
chains. By doing so, we highlight the fact that the entanglement
effect in polymer melts emerges in a self-consistent manner.
This subject will be considered both theoretically and from
simulations. Theoretically, we address two major questions of
reentanglement process of the melts: when can we observe the
onset of topological interaction if the initial configuration is
fully disentangled, and how is the entangled network recon-
structed in relation to the instant molecular structure of the
polymer chains? To address the former question, we extend the
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Lin–Nolanddi ansatz27,28 which states that entanglement
occurs when the overlap number of the polymer coils reaches
a particular value (found to be around 20 from extensive
experimental29 and simulation30 datasets). For the latter ques-
tion, we refer to the idea that entanglement is determined by
the effective binary contact between different chains. Then, we
validate our theoretical pictures based on MD simulations.
In simulations, we directly generate full stretched polymers or
apply tensions on the component chains, without referring to
non-equilibrium simulations with flows. This strategy allows us
to decouple the relaxation mechanism from the effect of strain
history. The effect of initial configurations will be discussed
separately.

The rest of this work is organized as follows: in Section II,
we review the prediction of the classic reptation theory in terms
of the reentanglement dynamics and propose the theoretical
models to describe the reentanglement of polymer melts. In
Section III, we explain the simulation methods for checking the
theoretical predictions. In Section IV, we present detailed
analysis of our simulation data and the comparison with the
theory. This includes structural recovery, primitive path evolu-
tion, and stress relaxation. The conclusions of this work are
summarized in Section V.

II Theoretical models
II.1 Reentanglement dynamics of a highly stretched polymer
probe in a fixed network

The current section adapts the classic reptation theory to
describe the relaxation of a polymer chain in a network fixed
in space. The starting point is a fully stretched chain along the
x-axis whose end-to-end distance is equal to its contour length
L = Nb, as shown in Fig. 1(a) (t = 0). b is Kuhn length. The mesh
size of the network or the distance between the obstacles is
a D Ne

1/2b, following the classic notations. We assume the
network is filled with a Y solvent for the polymers, causing
a monomeric friction coefficient z0, but no HI among
segments. The corresponding segmental relaxation time is:
t0 D z0b2/kBT.

Then, the stretched chain is expected to relax via the
following steps, as illustrated in Fig. 1(a):

(i) t0 { t { te: we skip the dynamics before the segmental
relaxation time t0. Just beyond t0, the test chain does not feel
the constraint of the obstacles. te D t0Ne

2 is the entanglement
time indicating the onset of the entanglements. Thus, the
initial relaxation will follow the Rouse dynamics as in a free
space, since the effect of HI is not involved. We track the
polymer dimension in the direction perpendicular to the initial
stretching, hRyy

2i. Starting from the full stretched configuration
(hRyy

2i = 0 at t = 0), the perpendicular size is a measure of
structural fluctuation as a function of time. In comparison, the
mean-squared (m.s.) polymer dimension parallel to the stretch-
ing direction is the sum of non-zero average and fluctuation
terms, i.e., hRxx

2i = hRxi2 + hdRxx
2i. The average term is domi-

nant at the retraction stage when t { tR.

In the Rouse model, a strand of size x D gb2 containing g
segments that can relax by a given time t should satisfy t0g2 D t,
which means g D (t/t0)1/2. Thus,

hRyy
2i D (t/t0)1/2b2, t { te (1)

It must be noted that the relaxation rate varies along the
chain’s contour. The scaling expression of eqn (1) is valid for
the strand at the chain’s ends, but not for the middle strand
without free ends. This is because the relaxed strand causes
tension to the unrelaxed strand. The magnitude of the tension
is inversely proportional to the relaxed strand size: ft D kBT/xt,
based on the definition of a tension blob.2 Here, the tension
blob size xt is the relaxed strand size. Thus, eqn (1) should
better align with the perpendicular component of m.s. end-to-
end distance which represents the maximum structural fluc-
tuation along the chain, rather than the radius of gyration
which is a value smeared along the polymer’s contour.

(ii) te { t { tR: the test chain starts feeling the network
constraint from the entanglement time te. Due to the differ-
ent relaxation rates along the chain’s contour, te should

Fig. 1 (a) Theoretical illustration of the relaxation process of a fully
stretched polymer chain in a fixed network of mesh size a D Ne

1/2b at (i)
entanglement time te, (ii) Rouse time tR, and (iii) disentanglement time td.
(b) Summary of the structural recovery along the direction perpendicular
to the stretch direction based on the classic reptation theory (solid line), in
comparison to an unconstraint chain relaxing in free space (dashed line).
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correspond to the time scale at which the chain ends begin to
feel the network, while the internal segments remain uncon-
strained. For the terminal strand, the fluctuation along the
perpendicular direction is significantly retarded. In contrast,
the motion along the chains contour remains unaltered, and
thus, it is the preferred pathway of relaxation. During this
process, the PP, the shorted path connecting the chain ends
remains a straight line, and thus, no entanglement is created in
the internal strand. Meanwhile, the contour length of PP is
significantly reduced with time. The fluctuation parallel to
the initial stretching is still Rouse like: hR8

2i D (t/t0)1/2b2. The
motion along the perpendicular direction is limited to the
network strand size: hR>

2iD a2. The global structural recovery
is the average fluctuation:

Ryy
2

� �
ffi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Rk2
� �

R?2h i
q

ffi t=t0ð Þ1=4Ne
1=2b2; te � t� tR (2)

The (1/4) power-law dependence with time in eqn (2) com-
pared to the 1/2 power-law exponent in free space shows that
structural recovery of the test chain is significantly hindered by
the topological constraint of the network.

(iii) tR { t { td: the contour length PP reaches its equili-
brium value LPP0 D (N/Ne)a D Za by the Rouse time tR. After
that, there is no advantage for the end strand to retract along
the PP and thus it starts exploring the space in an isotropic
manner, leading to the reorientation of the PP and creates
entanglement with the network. The entire chain thus exhibits
reptation motion. It is noteworthy that in the plane normal to
the initial stretching, the motion of the end-to-end vector
remains Rouse-like, because there is no constraint for the
end strand. But it takes tR for each step to occur and the
corresponding step length is the fluctuation size at tR.
That means:

Ryy
2

� �
ffi t=tRð Þ1=2 Ryy

2 tRð Þ
� �

ffi t=t0ð Þ1=2N�1=2Ne
1=2b2; tR � t� td

(3)

The dynamics in networks can also be affected by the effect
of contour length fluctuation (CLF) when the entanglement
number is not large. The fluctuation of PP contour length
increases as a Rouse process dLPP

2 � hLPP
2i � hLPPi2 D

(t/te)1/2a2 when te { t { tR, and reaches the equilibrium value
dLPP/hLPPi B Z�1/2 when t c tR. Compared to the expression
without CLF, the modified term can be written as:

Ryy
2

� �
CLF

Ryy
2

� � ffi
1þ mZ�1=2 t=tRð Þ1=2 te � t� tR

1þ mZ�1=2; t� tR

8<
: (4)

where m is a numerical factor in the order of unity.2 Thus, the
effect of CLF can cause a faster increase of hRyy

2i in the regime
of te { t { tR, but only introduces a shift factor to hRyy

2i
without changing its time dependence when t c tR.

The theoretical predictions on structural recovery are sum-
marized in Fig. 1(b), in comparison to the unconstraint relaxa-
tion in free space.

The above theoretical picture was originally proposed to
explain segmental relaxation under equilibrium, and the
corresponding power-law regimes can also be identified in
the m.s. segmental displacement: g1(t) � h[ri(t0 + t) � ri(t0)]2i.
Although the two scenarios, end-to-end vector relaxation from a
fully stretched state and segmental relaxation under equili-
brium, are considered equivalent in the sense of a scaling
argument, it must be emphasized that they are intrinsically
different from each other. A fully stretched configuration
represents a non-equilibrium state well beyond the linear
deformation regime and thus its relaxation involves non-
equilibrium dynamics. The above theoretical explanation based
on the classic reptation theory incorporates the quasi-
equilibrium assumption. Its validity should be limited to the
overdamped regime, which is usually assumed in polymer
liquids. The main point is that the characteristic time scales,
including te, tR, and td, obtained from equilibrium dynamics
and reentanglement dynamics are not necessarily identical in
their absolute values. Thus, we need to focus on their scaling
dependences on chain length and entanglement length to
distinguish the role of different mechanisms.

II.2 Reentanglement dynamics of a highly stretched polymer
melt

We now turn to the reentanglement dynamics of polymer melts
with equally stretched chains. In this case, the topological
constraints come from the chains surrounding a test chain.
Thus, the effective ‘‘network constraint’’ is evolving through
time and should be redefined based on the stage of relaxation.
We consider a monodispersed polymer melt of linear chains
with N c Ne. At t = 0, all polymer chains in the melt are highly
stretched, as shown in Fig. 2(a) (t = 0). Such an initial configu-
ration is typically obtained after imposing a uniaxial exten-
sional flow on the melt with a strain rate much larger than 1/tR.
We assume the overlap number is very low in the level of the
chain and there are nearly no topological constraints between
the chains. In the other words, all the PPs in the melt are
straight lines without kinks.

We propose the following model to understand the recovery
of the stretched polymer melts, as illustrated in Fig. 2(a).

(i) t { tje: because the polymer melt is fully unentangled at
t = 0 based on our assumption, the initial relaxation of the melt
should follow the unentangled dynamics. We define tje as the
‘‘just-entangled’’ time from which topological constraint
between polymers is onset. Then, following the classic picture
for the unentangled melt dynamics, the structure will exhibit a
Rouse-like behavior:

hRyy
2i D (t/t0)1/2b2, t { tje (5)

Although the Rouse-like motion for unentangled melt
dynamics is widely recognized, abundant evidence indicates
that this model is insufficient to describe the true dynamics of
an unentangled melt under strong deformation,31–35 even after
accounting for finite extensibility effect. The deviations from
the Rouse model due to multi-chain interactions can be
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attributed to two major effects from the current knowledge:
correlation hole effect,36,37 and hydrodynamic interaction.38–40

The former effect accounts for local density fluctuation.
Whereas the effect of HI in a melt, which was considered not
long ago,38–40 is more relevant to the large-scale configuration.
Which factor is dominant and how the dynamic modes deviate
from the Rouse model during relaxation remain under debate.
Despite the complexity, our follow-up discussion on topological
interaction is based on a structural analysis. The modification
of the dynamic modes in the unentangled regime will not alter
our explanation of the reentanglement process. Here, we keep
the form of eqn (5) for this regime.

(ii) tje { t { tR: with the recovery of polymer structure, a
test chain starts feeling the effect of entanglement from its
neighboring chains. Then, the central question is, from which
time and length scales topological interaction is onset? First,
we recall that in a free space, relaxation of a stretched chain is
not homogeneous along the polymer’s contour. The strand
close to the chain ends can relax faster than those in the
middle. It also means that, in the melt, the magnitudes of
overlapping between strands are different along the chain’s
contour. Particularly, the largest blobs representing the
terminal strands should have the maximum overlap number.

Then, we must consider the two different cases as drawn in
Fig. 2(b). That is, how is a terminal strand that has already been
relaxed, restricted by another terminal strand, and how this
effect varies in the case of an unrelaxed strand? Here, we
conjecture that the topological interaction between the relaxed
strands in case b-I of Fig. 2(b) is more effective than that in case
b-II. This hypothesis is partly inspired by the studies of non-
concatenated ring polymer melts,41–44 whose relaxation moduli
do not exhibit an elastic entanglement plateau. The fractal
loopy globules model proposed by Ge et al.41 suggests a picture
where the strands with no free ends will organize themselves in
such a way that their overlap number at all length scales is
always below criterion of entanglement onset. We extend this
idea by considering the contact in case b-II of Fig. 2(b) will not
lead to entanglement effect as the unrelaxed strand will avoid
being entangled with the relaxed one. Based on this conjecture,
we can proceed with the prediction of reentanglement
dynamics of melts as follows.

We can consider the extreme case that at the onset of
topological interaction, entanglements only occur between
the relaxed terminal strands of the polymer chains (case b-I
of Fig. 2(b)). We then define a ‘‘just-entangled strand’’ whose
size is xje D gje

1/2b, where gje is the number of segments in this

Fig. 2 (a) Theoretical illustration of the relaxation process of a test chain in a fully stretched polymer melt at different time scales. tje is defined as the
‘‘just-entangled’’ time from which the strands with free ends start feeling entanglement effect. The corresponding length scale is the ‘‘just-entangled’’
strand size xje. trec is the time scale at which the polymer equilibrium structure is fully recovered. (b) Comparison of topological interactions of a terminal
strand with another terminal strand (case b-I) and with an unrelaxed strand (case b-II). This work assumes that entanglements are first created in case b-I
when their overlap number exceeds a critical value. (c) Relationship between the number of entanglements per chain and the perpendicular size in a
single-chain event (case c-I), where obstacles are preset in space, and in a binary event (case c-II), where entanglements in a melt rely on the binary
contact of different chains. In the single-chain event case, the number of new entanglements relies on the range of space explored by a single polymer.
In the case of binary events, the recovery of entanglements depends on the increased overlapping level between neighboring chains. (d) Summary of
the structural recovery of a highly stretched melt along the perpendicular direction (solid line), in comparison to the relaxation in the fixed networks
(dashed line).
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strand. It represents the minimum strand size that can be
entangled with each other in the melt. We assume these
strands are homogeneously dispersed. Then, we refer to the
Lin–Nolanddi ansatz27,28 which states that polymers become
entangled when the overlapping between the coils reach a
critical value (around 20). Using this criterion, we define the
just-entangled strand from the overlap number O:

O ¼ a3r
Ne
¼ 2gje

N

xje3r
gje

(6)

where r is the density of segments in the melt. The first
equivalence of eqn (6) defines O from equilibrium dynamics.
In contrast, there is an extra factor of 2gje/N for the reentangle-
ment dynamics, because except the segments in the just-
entangled strands close to the chain extremities, the fluctuation
range of other segments are so weak that they cannot effectively
entangle with each other or with a just-entangled strand. From
eqn (6), it is easy to derive:

gje D N2/3Ne
1/3 (7)

xje D N1/3Ne
1/6b (8)

The just-entangled strand size xje is thus an effective tube
diameter at the onset of topological interaction. The main
feature of xje is that it is larger than the equilibrium tube
diameter and it increases with the chain, since xje/a D Z1/3. The
main argument is that longer chains have smaller density of
terminal strands (twice of chain density), and thus, it requires
more time to reach the overlap criterion. It must be noted that
the derivation of the just-entangled strand only relies on
polymer structure, regardless of the dynamics feature before
the onset of topological interaction.

The corresponding just-entangled time is:

tje D t0gje
2 D t0N4/3Ne

2/3 (9)

Thus, the just-entangled time lies between the entanglement
time and the Rouse time: te { tje { tR. That means, in the
recovery of an entangled melt, the unentangled regime is much
broader than expected from equilibrium dynamics (t { te) and
relies on the chain length N. The identification of the just-
entangled strand highlights the difference between equilibrium
dynamics and reentanglement dynamics of a fully stretched
polymer melt. Under equilibrium, there is no direct implication
of the just entangled time tje.

In the regime of tje { t { tR, the polymer dynamics will
be similar to the case of fixed networks when te { t { tR.
At this stage, the terminal strand still prefers retracting along
the contour without significant increase for its size along the
perpendicular direction. When we ignore the change of the
effective confinement length, we have

Ryy
2

� �
ffi t=t0ð Þ1=4gje1=2b2

ffi t=t0ð Þ1=4N1=3Ne
1=6b2; tje � t� tR

(10)

The expression in the first line of eqn (10) is the same as
eqn (2) for relaxation in fixed networks, but the equilibrium

entanglement length Ne is replaced by the just-entangled strand
length gje.

(iii) tR { t { trec: trec is defined as the full recovery time.
After the Rouse time tR, PP starts reorienting like in fixed
networks. The difference is that the entanglement network is
densified with the recovery of polymer structure. To describe
this process, we propose the following self-consistent model for
the reentanglement process at the reorientation stage. The
assumption is to consider the effective number of entangle-
ments per chain relative to the equilibrium value as a power-law
function of the relative perpendicular size Z0/Z = f (hRyy

2i/Nb2). Then,
the question is what should be the exponent value? If the obstacles
are preset in space as discussed in the last section and illustrated in
case c-I of Fig. 2(c), the entanglement state of a polymer chain relies
on its own configuration. It is natural to use the relation Z0a2 D
hRyy

2i. We call this situation a single-chain event.
However, this is not the case in a melt, where the obstacles

are not preset. Here, we recall that the creation of entangle-
ments in a melt relies on the binary contact between two
different chains, which we call a binary event (case c-II). The
idea of binary contact can trace back to de Gennes,45 and is
extended in many other cases like the CR in binary blends of
entangled polymers.46 In the present context, the formation of
new entanglements requires two chains to inter-diffuse into the
same overlap region. Consequently, the recovery of entangle-
ments depends not only on the overlap recovery of a single
chain but also on that of its neighboring chains. If the
perpendicular dimension of each chain recovers as hRyy

2iB ta,
then the probability that two chains simultaneously occupy the
same overlap region is proportional to the product of their
individual overlap recoveries, giving Z0 B t2a. In other words,
the entanglement recovery scales with the square of the overlap
recovery because a binary contact can only be established when
both chains have expanded sufficiently to overlap with each
other. The entanglement recovery due to binary event is thus
expressed as the following, compared to single-chain event:

Z0

Z
ffi

Ryy
2

� ��
Nb2 single

Ryy
2

� ��
Nb2

� �2
; binary

8<
: (11)

Then, we can modify the expression of eqn (3) for the regime
tR { t { td in networks, which predicts a second Rouse-like
behavior:

hRyy
2i D (t/t0)1/2Z0�1/2b2 (12)

Because the instant entanglement number Z0 is a function of
hRyy

2i, eqn (12) is a self-consistent expression for the perpendi-
cular size hRyy

2i. It suggests the relation:

Ryy
2

� �
ffi

t=t0ð Þ1=3Ne
1=3b2 single

t=t0ð Þ1=4N1=4Ne
1=4b2; binary

8<
: ; tR � t� trec

(13)

There is a mismatch between eqn (10) and eqn (13) at t = tR,
which can be smeared in the window of tje { t { tR because
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eqn (10) assumes a constant entanglement constraint. The
assumption of binary events predicts a similar time depen-
dence of hRyy

2i as the relaxation in a network in the regime of
te { t { tR, and it is weaker than the prediction of single-
chain event.

The full recovery time trec is derived from eqn (13) by letting
hRyy

2i D Nb2. It says:

trec D t0N3Ne
�1 (14)

Within our assumption, the recovery time is consistent with the
disentanglement time regardless of the assumption of single
and binary events of entanglement. Thus, the reconstruction of
entanglement of a melt may significantly modify the mode of
relaxation, but it does not change the full relaxation time from
the classic reptation theory. Such a claim is consistent with the
interrupted flow experiments looking at the dependence on
chain length of the full recovery time.12 The recovery of
entanglements of a melt, like the network case, mainly occurs
in the reorientation stage from tR to trec, in contrast to the rapid
reentanglement dynamics at the Rouse time scale reported by
previous simulation studies.24,25

The reentanglement dynamics from the above theoretical
model are summarized in Fig. 2(b), in comparison with the case
in fixed networks. We predict two main features of reentangle-
ment dynamics of polymer melts: one is that the onset of
topological interaction, which corresponds to the crossover
from hRyy

2i B t1/2 to t1/4, can be delayed from the equilibrium
entanglement time; the other is that hRyy

2i should roughly
exhibit two power-law regimes, in contrast to the three-power-
law behavior in networks. The smeared regime tje { t { tR

should be too narrow to be effectively distinguished from the
regime of tR { t { trec.

II.3 Reentanglement dynamics of a stretched probe in a
relaxed polymer matrix

Besides the above two scenarios, another interesting case to
mention is the relaxation mechanism of a highly stretched
polymer probe diluted in a matrix of relaxed polymer chains.
The corresponding initial configuration can be obtained after a
polydisperse sample is subjected to a flow whose rate is larger
than the relaxation rate of the long chains but smaller than that
of the short chains.47 In this case, the relaxation of the long
probe chains strongly relies on the CR process of the matrix
chains. The equilibrium dynamics of the polydisperse samples
have been investigated extensively.48–50 However, their reentan-
glement dynamics have been rarely explored. Limited to the
scope of this work and the difficulty of obtaining reliable
simulations data, we leave this subject as a perspective of our
future studies.

III Simulation methods
III.1 Polymer probe in a network

The above theoretical pictures on reentanglement dynamics are
tested from MD simulations. We carry out simulations with

LAMMPS.51 To examine the reentanglement in networks, we
prepare a 3D cubic grid fixed in the simulation box. The mesh
size of the grid is d. The grid imposes topological constraint
on the polymer probes. We assume the network is filled by an
implicit Y solvent for the polymer so that the molecular
structures are consistent with the melts. Instead of simulating
phantom chains, the intra-chain pairwise interaction is expli-
citly included, and the parameters are chosen so that the effects
of attractive and repulsive parts of the pairwise potential
happen to compensate each other. This approach is a more
solid description of the Y condition.52

Monomers interact with each other via the truncated
Lennard-Jones (LJ) potential when their separation is smaller
than a cutoff distance rc:

Upair(r) = 4e[(s/r)12 � (s/r)6], r o rc (15)

where s is the bead diameter, e is the interaction strength. The
potential is shifted to have a smoothed crossover at r = rc. We
use the LJ unit system in the rest discussions. The cutoff
distance is set to rc = 2.50 which means the pairwise potential
includes an attractive part. The interaction strength is set to e =
0.30. The finitely extensible nonlinear elastic (FENE) inter-
action potential is used for bonded beads:

UbondðrÞ ¼ �
1

2
kRm

2 ln 1� r2
�
Rm

2
� �

; roRm (16)

where k = 30 is the spring constant and Rm = 1.50 is the
maximum stretch for a bond. Overlaid with the LJ poten-
tial between bonded beads, the equilibrium bond length
is lb = 0.97. Under these simulation parameters, the bond-
vector correlation function of an isolated polymer chain
decays with bond separation as a power law with an exponent
of (�3/2), indicating that the system is under the true Y
condition.52

We simulate both flexible (F) and semiflexible (SF) chains in
this work to examine the potential effect of polymer’s chemical
structure, which has been raised as a non-negligible factor to
consider.24 The semiflexible chains are modelled by including
an angle potential:

Uangle(y) = k(1 � cos y) (17)

where y is the angle between two subsequent bonds. The
stiffness parameter is set to k = 2.10 for semiflexible chains.
In the main text, we will primarily present the data of semi-
flexible chains which have larger entanglement numbers. The
data of flexible chains can be found in SI.

The grid is created from LJ particles of diameter sgrid. They
are placed along the grid lines and separated with the neigh-
boring bead by a distance of sgrid. Thus, each grid strand
consists of d/sgrid grid particles. These grid particles interact
with monomers of polymer chains via the shifted LJ potential:

ULJ=expðrÞ ¼ 4e0 s=ðr� DÞð Þ12� s=ðr� DÞð Þ6
h i

; ro r0c þ D

(18)
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where the shift factor is D = (sgrid � 1.0)/2. The interaction is

set to be pure repulsive so that r0c ¼ 21=6. The interaction energy
is e0 = 1.0.

The static and dynamic properties of a polymer chain in the
space with fixed obstacles have been simulated by Baumgärtner
and Muthukumar53 many years ago. They found that the
porosity of the space, or the volume fraction of the obstacles
fobs is an important factor to consider. Not only the polymer’s
diffusivity but also the polymer size in the media significantly
decreases with fobs when fobs is beyond a particular value.
Indeed, when de Gennes54 first proposed reptation motion in
fixed networks, the obstacles should have no excluded volume
and only impose topological constraint. There is no change in
the configurational statistics of the polymers. Edwards and
Muthukumar55 then proposed a theory and explained that
polymers in the presence of obstacles with finite excluded
volume will collapse when fobs c N�1/2. This is in fact the
condition when fobs becomes larger than the volume fraction
of the monomers inside its own coil. We are aware of this
transition in our simulations. We wish to focus on the effect of
topological constraints in this work and thus fobs is kept
low enough to promise clean reptation. In our simulation
design, the total volume fraction of the grid particles is fobs =
p(sgrid/d)2/2. Thus, we use small grid particles to effectively
reduce fobs. At the same time, to avoid topological violation
and to promise a reasonable simulation time, sgrid cannot be
too small. We let sgrid = 0.5, corresponding to a grid particle
fraction fobs E 0.006 when d = 8.0 (densest network to be
examined in this work). In this case, the Edwards and
Muthukumar55 theory predicts polymers to collapse when
chain length becomes larger than N* D fobs

�2 E 27 778. The
largest chain length to be explored in our simulations is much
smaller than this critical value. Thus, no structural change is
expected from the theory. The absence of structural changes is
also supported by our simulation data that polymer in a net-
work always recovers to the same dimension as in free space, as
will be shown later. Meanwhile, a chain crossing event between
a polymer bond and the network strand of sgrid = 0.5 has an
energy barrier of around 200kT, and thus, topological con-
straint will be well preserved.

Meanwhile, it must be noted that the Edwards–Muthuku-
mar theory55 is based on ideal chain model ignoring all
intrachain pairwise interactions. In this work, we follow the
modern theory of polymer’s Y condition52 and model the
chains with an intra-chain pairwise potential. The criteria of
structural and dynamic transition with the space porosity must
be significantly modified. We did not examine this transition
systematically in this work, but it will be an interesting subject
for our future studies.

The setups of simulations are summarized in Table 1. The
motion of the polymer chain is integrated with the Langevin
themostat, which means a friction force and a random force
are imposed on the particles’ motion. The reference mono-
meric friction coefficient is zb = 1.0. The intensity of the random
force satisfies the fluctuation–dissipation theorem. The
reduced temperature is kT = 1.0. The time step of simulations

is dt = 0.01. We use a simulation box whose axis lengths satisfy
Lx Z (Nb � 1)lb, and Ly = Lz 4 R0, where R0 is the equilibrium
chain size. Fig. 3 presents simulation snapshots during the
recovery process at different time scales. The snapshots in the
network are compared to those in the free space. In these
snapshots, 500 configurations are overlaid to show the extent of
fluctuations. But there are no inter-chain interactions during
the simulation.

We examine chain lengths in the range of 5 r Nb r 1000 in
the networks of d = 8.0, 10.0, and 15.0. The entanglement
length in the networks is uniquely determined by the network
strand. The number of beads per entanglements strand Neb

in our simulation model is defined from the condition:
hdRk

2i|k=Neb
= d2, where hdRk

2i is the m.s. end-to-end distance
of a strand containing k bonds under equilibrium. The corres-
ponding values of Neb (with error bars up to 1) are summarized
in Table 2. The maximum entanglement number is around 30
(SF chain of Nb = 1000 in the network of d = 10.0). For some
simulation parameters, the running time required to observe
the full relaxation was too long. To improve computational
efficiency, we adopted the time-friction superposition. The idea
is to run the simulation with a smaller monomeric friction
coefficient z0b o zb. Then a running time t0 with a reduced

friction should correspond to the timescale of t ¼ t 0
�
z0b under

the reference friction coefficient. The validity of time-friction
superposition is discussed in Section A of SI.

III.2 Polymer melts

We also use the KG-type simulation model for polymer melts.
The bonded and angle potential functions and the corres-
ponding interaction parameters are the same as network simu-
lations. But for pairwise potential, we set a shorter cutoff
distance rc = 21/6 and a unit energy parameter e = 1.0, which
means the monomers in the melts are purely repulsive. The
main purpose for this change is to improve computation

Table 1 Simulation setups

Thermostat

LJ parameters

Nb/Nchain
a Lx � Ly (= Lz)e rc

Network
simulations

Langevin 0.30 2.50 20/500 50.0 � 50.0
50/500 50.0 � 50.0
100/500 100.0 � 100.0
200/500 200.0 � 100.0
500/500 500.0 � 100.0
1000/500 1000.0 � 200.0

Melt
simulations

DPD 1.0 21/6 20/500 22.7 � 22.7
50/1000 50.0 � 34.3
100/2000 100.0 � 48.5
200/1000 100.0 � 48.5
200/2000 200.0 � 48.5
300/1000 150.0 � 48.5
300/2000 300.0 � 48.5

a Nchain is the number of polymer chains per simulation. In a network
simulation, multiple chains are simulated simultaneously in the same
network, but the inter-chain interactions are turned off. Thus, the
monomer density in a network simulation is r = Nb/V, in contrast to
r = Nb � Nchain/V in a melt.
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efficiency without altering dynamic modes. It has been proved
from several studies that the simulation models of melts with
repulsive and attractive potentials exhibit very similar dynamic
behaviors in their liquid state.40,57 The simulations are per-
formed under the NVT ensemble at the bead density r = 0.85.
A dissipative particle dynamics (DPD) thermostat is used with a
damping parameter g = 1.0. In Section B of SI, we also
compared the constant-volume simulation with the constant-
pressure (NPT ensemble) simulation which allows free lateral
contraction. The results are almost indistinguishable from
each other.

Simulation setups and the entanglement lengths of the melt
models are also summarized in Tables 1 and 2. In the melt
simulations, we evaluate equilibrium tube diameter as:9 a �
hR0

2i/hLPP0i, where hR0
2i is the overall m.s. end-to-end distance

and hLPP0i is the average contour length of PP under equili-
brium (details to be presented in a later section). The number
of beads per entanglement Neb is then defined from the
condition hdRk

2i|k=Neb
= a2. The corresponding values are pre-

sented in Table 2, which are close to those from the empirical
expressions by Svaneborg and Everaers.58 We will discuss chain

lengths up to Nb = 300, corresponding to 15 entanglements in
the semiflexible systems.

To minimize finite-size effects while maintaining reasonable
computational costs, we prepared two sets of systems with
different simulation box sizes for the melts of Nb = 200 and
300, as shown in Table 1. In Section C of SI, we compare the
corresponding simulation data and confirm that finite-size
effects vanish beyond a certain time scale before full relaxation
is reached. Therefore, in the simulation data presented below,
we combine the short-time relaxation obtained from the larger
simulation box with the long-time relaxation obtained from the
smaller simulation box.

In this work, the initial configurations of melt simulations
consisting of highly stretched chains are pre-equilibrated under
tensile forces ft to the chain ends parallel to the x-axis and
pointing in opposite directions. This avoids performing non-
equilibrium simulations of applying flows and the initial con-
figurations are easier to control. Meanwhile, we generate initial
configurations with hRyy

2i = 0 and the end beads are only
allowed to move along the x-axis in the preparation stage.
The objective of letting hRyy

2i = 0 is to characterize the initial
stage of relaxation to identify the onset of topological inter-
action. A disentangled state is also promised when pre-
equilibrating in this way. By applying a tension of ftlb/kT = 10,
we obtain highly stretched initial configurations whose bond
order parameters are s0 E 0.90, where s � hlbx

2 � lby
2i/lb

2, and
lba is the component of a bond vector along one axis. By
reducing the applied tension, we also prepared less stretched
but still disentangled configurations with s0 E 0.20 and 0.50.
After pre-equilibrium, the chain ends are released and the
polymers in the melts start recovering. The simulation snap-
shots of the melt relaxation are shown in Fig. 4.

IV Result and discussion
IV.1 Simulation data of structural recovery

Equilibrium dynamics are examined first before investigating
reentanglement dynamics in terms of the m.s. monomeric
displacement function and center-of-mass (c.m.) diffusion

Fig. 3 Simulation snapshots for semiflexible chains of length Nb = 500 in the network of d = 10.0 (left) and in free space (right) at different time scales,
visualized from OVITO.56 In this figure, the centers of mass of 500 configurations are shifted to the center of the simulation box. Chain ends are marked
as yellow beads.

Table 2 Entanglement lengths of simulation models

Polymer
typea

Entanglement
lengthb

Number of beads per
entanglement Neb

c

Network
simulations

F 8.0 33
10.0 50
15.0 109

SF 8.0 21
10.0 32
15.0 70

Melt simulations F 10.9 57 (75)
SF 8.5 23 (19)

a ‘‘F’’ for ‘‘flexible chains’’, and ‘‘SF’’ for ‘‘semiflexible chains’’. b Entan-
glement length means network mesh sizes d for network simulations
and tube diameter a � hR0

2i/hLPP0i for melt simulations, where hLPP0i is
the average contour length of PP under equilibrium. c Number of beads
per entanglement is defined as hdRk

2i|k=Neb
= d2 or a2. Values in the

brackets are those estimated from the empirical expressions by Svaneborg
and Everaers,58 which are also based on PPA.
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constant. The corresponding results are presented in Section D
of SI. From a quantitative analysis, we confirm that the repta-
tion theory well explains the dynamics of a test chain in
networks and in their monodisperse melts from our simula-
tions. The main message is that, under equilibrium, the test-
chain dynamics in networks and entangled melts can hardly be
distinguished from each other. However, this level of similarity
contrasts with their reentanglement dynamics to be discussed
in the following.

Then we turn to the structural recovery of polymers struc-
tures starting from highly stretched configurations. The evolu-
tion of m.s. end-to-end distance along the perpendicular
direction hRyy

2i of a fully stretched polymer chain in networks
of different mesh sizes is shown in Fig. 5(a) and (b). The results
are compared to relaxation in a free space. In this figure, the
simulation data before reaching steady state of a well entangled
sample can be clearly classified into three power-law regimes as
predicted by the classic reptation theory. A fully stretched chain
in a free space exhibits a single power-law relaxation before the
full structural recovery. Whereas in a network the chain’s
relaxation deviates from the free-space behavior from a time
scale, which increases with the network mesh size d, showing
the onset of topological interaction. This time scale is known as
the entanglement time te, which is independent of chain length
but increases with the network strand length. When t 4 te, the
recovery of perpendicular size slows down, but it remains
independent of chain length until a second crossover time.

After that, a second regime showing hRyy
2i B t1/2 is observed.

What is remarkable is the broadness of this regime, compared
to the regime tR0 { t { td0 in the monomeric diffusion
function g1(t). These qualitative features are well consistent
with the theoretical prediction as shown in Fig. 1(b). We also
examine the m.s. radius of gyrations, which exhibit qualita-
tively similar behavior, as shown in Section F of SI. However,
their agreement with theory is less satisfactory than the end-to-
end distances, highlighting the importance of focusing on the
maximum fluctuation. Besides, the average end-to-end dis-
tances along the direction of initial orientation hRxi are shown
in Fig. 5(c). By plotting the normalized values hRxi/L against t/
tR, we prove that initial retraction of the chain well agrees with
the Rouse time. Whereas topological interactions with the
network retard the reorientation process when t 4 tR, leading
to a slow terminal relaxation.

Characteristic time scales are extracted from the structural
data. We first fit the simulation data in the free space via the
function: hRyy

2i(t) = A[1 + (t/tR)�a]�1/2/a. A sharp crossover is
assumed by letting a = 10. The relation tR B Nb

2 is well
confirmed from the best-fit values. The monomeric relaxation
time is then defined as t0 � tR/Nb

2 for the convenience of
discussion. The corresponding values are 0.14 and 0.10 for
semiflexible and flexible chains, respectively. These definitions
of Rouse time and monomeric time are fixed throughout the
discussions about network simulations.

For simulation data in networks, we fit the time-dependent
perpendicular size hRyy

2i from a continuous function that
describes all power-law regimes:

Ryy
2

� �
tð Þ

¼ A 1þ t
�
t�e

� ��a� 	� m�n�kð Þ=a
1þ t

�
t�R

� ��a� 	� n�kð Þ=a

� 1þ t
�
t�rec

� ��a� 	�k=a
(19)

Here, the superscript ‘‘*’’ is used to represent the values
from reentanglement dynamics. The parameters m, n, and k
describe the exponent values in the regimes of t� t�e ,
t�e � t� t�R, and t�R � t� t�rec, respectively. The sharpness
factor of a = 10 is used as well.

We examine our simulation data in two steps. The first step
is to let the exponents (m, n, and k) and the characteristic times
(t�e , t�R, and t�rec) as free parameters. For the data of Nb = 1000
and d = 10.0 in Fig. 5(a), the best-fit exponents are m = 0.607 	
0.042, n = 0.258 	 0.003, and k = 0.497 	 0.004, well consistent
with the theoretical values (1/2, 1/4, and 1/2) as shown in
Fig. 1(b).

Because involving too many free parameters in the fitting
can cause ambiguities, our follow-up analysis of the time scales
is to fit hRyy

2i from eqn (19) while fixing m = 1/2, n = 1/4, and k =
1/2. The best-fit curves are shown Fig. 5(a) and (b), representing
a nice description of the raw data. The entanglement times te in
different networks are summarized in Fig. S7 of SI. The results
show that the entanglement times from our network simula-
tions agree well with the theoretical expression te B Neb

2.

Fig. 4 Simulation snapshots for the recovery of the polymer melt con-
sisting of semiflexible chains with Nb = 200 and s0 = 0.20.
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However, the numerical factors te/t0Neb
2 is larger in equili-

brium dynamics and in semiflexible chains.
The full recovery time t�rec and the Rouse time t�R by fitting

the data of hRyy
2i are presented in Fig. 5(d). All values are

normalized by the Rouse time tR defined as the recovery time in
the free space and plotted against the number entanglement
per chain Nb/Neb. We also estimate the recovery time from the
single exponential fit of the average stretch along x-axis:
Rxh i 
 exp �t

�
t�rec

� �
. Such an exponential fit is applicable for

the terminal regime of hRxi, which behaves as a linear curve in
the linear-log plot as the inset of Fig. 5(c). For t�rec evaluated
from either hRyy

2i or hRxi, we confirm a good collapse of the
data in this plot, regardless of chain length, network strand
size, and chain chemistry. Using a similar method for c.m.
diffusion constant, the t�rec data are fitted from the function:

t�rec
�
tR ffi 1þ bNb=Nebð Þ2

h i�m=2
. For t�rec evaluated from hRyy

2i,
the best-fit parameters are b = 1.131 	 0.110 and m = 0.938 	
0.042. For t�rec from hRxi, the corresponding parameters are
b = 0.543 	 0.073 and m = 1.139 	 0.068. In general, both

groups of data are consistent with the theoretical prediction.
The larger exponent value for t�rec from hRxi represents a better
agreement with the reptation theory modified with CLF effect.
For the Rouse times t�R fitted from hRyy

2i, we found they are
systematically smaller than the stretch-to-coil time in a free
space and they do not collapse well like t�rec. The ambiguity
originates from the fact that t�R becomes difficult to identify if
the chains are not well entangled. But overall, the dependence
on chain length t�R 
 Nb

2 is well confirmed. In summary, our
simulation data proves that the classic reptation theory pre-
dicting a fast retraction followed by a slow reorientation
process is quantitatively valid in explaining the reentanglement
dynamics in networks.

We then investigate the time evolution of perpendicular size
hRyy

2i in entangled melts, starting from stretched and disen-
tangled chains. The results are shown in Fig. 6(a) and (b), when
the initial configurations have s0 = 0.90 and 0.20, respectively.
Terminal relaxation is reached for the longest chain Nb = 300,
as confirmed from their isotropic polymer configuration by the
end of the simulation. The change of hRyy

2i in an entangled

Fig. 5 Time evolution of perpendicular size hRyy
2i in networks. (a) Polymers of different lengths in the same network of d = 10.0. (b) Polymer chain with

Nb = 500 in different networks. The dotted lines in (a) and (b) are the data in free space. The solid lines are best fits from eqn (19) with m = 1/2, n = 1/4, and
k = 1/2. In (a), the best-fit characteristic times, including the entanglement time t�e , the Rouse time t�R, and the recovery time t�rec for Nb = 1000 are marked
in the figure. (c) Average end-to-end distance along the direction of initial orientation normalized by the contour length hRxi/L, against the time
normalized by the Rouse time t/tR, for different chains in the same network as in (a). The magenta dashed line is the single exponential function fit of the
terminal regime. The inset showing a linear relation between log[hRxi/L] and t indicates the applicable range of exponential fit. (d) Summary of the
recovery time t�rec (solid scatters: fitting hRyy

2i from eqn (19); crossed scatters: exponential fit of hRxi and vertically shifted by two magnitudes) and the

Rouse time t�R. All values are normalized by the Rouse time tR defined from the dynamics in the free space and plotted against the number entanglements

per chain (Nb/Neb). The dashed lines in (d) are best-fit curves from a crossover function: t�rec
�
tR ffi 1þ bNb=Nebð Þ2

h i�m=2
, with the power-law exponents

marked in the figure.
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melt is clearly distinguished from the structural recovery in a
network as presented in Fig. 5. The classification into four
regimes as predicted by the classic reptation theory and proved
from our network simulations does not exist in a relaxing melt.
Instead, the data before equilibrium can be roughly divided
into two power-law regimes when t 4 103 in Nb Z 200. The
second regime has smaller power-law exponent compared to
the first one, indicating the effect of topological interaction.
Although it is tempting to consider the second regime in
Fig. 6(a) as a crossover to the plateau, a close examination of
the data shows that this regime can persist for around one
magnitude in the melt of Nb = 300, which can be considered as
an indication of a different dynamic mode. Moreover, the
second power-law regime is more distinguishable in Fig. 6(b)
when we start relaxing from a less stretched configuration.
Qualitatively, this two-power-law behavior of hRyy

2i is consistent
with our theoretical prediction as summarized in Fig. 2(d). The
main feature is that when a melt relaxes from a highly stretched
state, the onset of entanglement effect should be postponed,
and hRyy

2i will not exhibit a second Rouse-like behavior at the
reorientation stage due to the creation of new obstacles in a
self-consistent manner.

The regime corresponding to unentangled dynamics needs
to be explained carefully. Fig. 6(a) shows that in this regime
different chain lengths do not overlay with each other when

s0 = 0.90. If we start from a less stretched state as in Fig. 6(b),
the unentangled regimes of different samples agree well. When
t o 103, we found an unexpected fast recovery up to the length
scale of hRyy

2i E 8 (around 3 monomers) in Fig. 6(a). This
regime is attributed to the reorganization of monomers’ pack-
ing, as confirmed by monomer–monomer pairwise correlation
functions shown in Fig. S11 of SI. When t 4 103, the recovery of
a longer melt is more delayed than the short ones. Such a
phenomenon resembles a higher monomeric friction along the
perpendicular direction, which has been reported by the cur-
rent authors35 from the nonlinear extensional rheology data of
unentangled melts. We attribute this behavior to the memory
effect. That is, when the chain retracts, it leaves a trace that
cannot be instantly filled by the other chains.59 This effect
causes a local crowding that slows down the relaxation before
the Rouse time.

We apply a quantitative method similar to that used for the
network simulations to analyze the melt simulation data. We fit
hRyy

2i from the following expression:

Ryy
2

� �
tð Þ ¼ A 1þ t

.
t�je


 ��ah i� m�nð Þ=a
1þ t

�
t�rec

� ��a� 	�n=a

(20)

We ignore the data before t = 103 for fitting that is influenced
by finite-size effect. The exponent values are examined first. For

Fig. 6 Time evolution of perpendicular size hRyy
2i in entangled melts for semiflexible chains of 50 r Nb r 300 when the initial configuration has (a) s0 =

0.90 and (b) s0 = 0.20. The solid lines are the best-fit curves from eqn (20) with m = 1/2 and n = 1/4. The best-fit values of the just-entangled time t�je and
the recovery time t�rec, as well as the just-entangled length scale x�je, are marked in the figures. (c) Summary of the full recovery time t�rec normalized by the

Rouse time tR. (d) Summary of just-entangled size x�je normalized by the equilibrium tube diameter a.

Paper Soft Matter



6218 |  Soft Matter, 2026, 22, 6206–6226 This journal is © The Royal Society of Chemistry 2026

the data of Nb = 300, we find m = 0.560 	 0.001, n = 0.285 	
0.003 for s0 = 0.90 and m = 0.437 	 0.002, n = 0.287 	 0.001 for
s0 = 0.20. Thus, in the second power-law regime, the melt
simulation data agrees more closely with the self-consistent
theoretical prediction assuming binary-contact entanglement
creation, hRyy

2iB t1/4, than with the single-chain event predic-
tion hRyy

2i B t1/3.
For the analysis of time and length scales, we fit the hRyy

2i
data while letting m = 1/2 and n = 1/4. The best-fit curve for the
longest chain is shown in Fig. 6(a). Like Fig. 5(c) for network
simulations, we also perform single exponential fit on
the average end-to-end distance along direction of stretch
to evaluate the terminal relaxation time of the melts:
Rxh i 
 exp �t

�
t�rec

� �
. The data of recovery time normalized by

the Rouse time t�rec
�
tR are summarized in Fig. 6(c). In the melt,

the Rouse time is defined as tR � 10t0Nb
2, where t0 is the

monomeric time of the network simulations. The factor of
10 accounts for the higher monomeric friction coefficient as
indicated by the c.m. diffusion constant in Fig. S6(b). The data
showing an approximately linear relationship between t�rec

�
tR

and the entanglement number per chain Nb/Neb proves that the
terminal relaxation is still governed by the reptation dynamics,
modified with the effect of CLF. This result is consistent with
our theoretical prediction in Section II.2 and the experimental
data from interrupted shear measurements.

The other quantity of interest is the length scale showing the
onset of entanglement effect, which is considered as the just-
entangled strand length rather than the equilibrium tube
diameter in our theory. In the simulation data, the just-
entangled strand length is defined as the crossover points
where the time-dependence of hRyy

2i changes from t1/2 to t1/4:

x�2je � Ryy
2

� ���
t¼t�

je

. We consider that the horizontal shift of the

unentangled regime affects the time scale of entanglement
onset, but not the length scale. The values of x�je normalized

by the equilibrium tube diameter against the entanglement
number are shown in Fig. 6(d). The results show that the onset
of topological interaction occurs at a larger length scale with
the increase of chain length when the initial configuration is

highly stretched. The dependence of x�je
.
a on entanglement

number for s0 = 0.90 is close to the theoretical prediction

(x�je
.
a ffi Z1=3 in eqn (8)) (we do not fit the exponent value

because there are not enough data point), which is derived by
assuming only effective topological interaction between relaxed
terminal strands and the validity overlapping criterion. In
comparison, when the initial configuration has s0 = 0.20, but
remains fully disentangled, the onset of entanglement effect
becomes much insensitive to the chain length, like the case of
networks. It shows that if the strand can partially relax initially,
the two cases as discussed in Fig. 2(b) about the topological
interaction between terminal strands and the middle strands,
will be less distinguishable from each other.

In the theoretical section of this work, a major new con-
sideration for the reentanglement dynamics is that the recovery
of polymer structure is inhomogeneous along the chain’s
contour. The terminal strands with free ends will relax prior
to those in the internal domain. To demonstrate this point, we
present the distribution of bond order parameters at different
time scales in Fig. 7. In this figure, we compare the network and
melt simulations when they have a similar number of entangle-
ments (Nb/Neb E 15) at the range of 0.001 r t/tR r 10. For the
network simulation in Fig. 7(a), the inhomogeneous relaxation
with smaller ordering near the chain ends persists in the entire
regime of time. By the moment of t E tR, all bonds become
close to the isotropic state. For the melt simulation in Fig. 7(b),
although smaller ordering of bonds near chain ends is also
identified when t { tR, the overall distribution of si is more
homogeneous than the that in the network simulation.
Enhanced inhomogeneity is observed when t/tR c 0.1. To prove
whether new entanglements are built from chain ends in melts
as expected by the theory, a direct analysis from PPA is necessary,
which is to be discussed in the follow-up section.

In summary, in this section we prove the qualitative differ-
ence of the reentanglement dynamics between a probe chain in
networks and an entangled polymer melt as predicted by our
theoretical picture in Section II. The former case quantitatively
agrees with the classic reptation theory. Whereas in the latter

Fig. 7 Distribution of bond order parameters along the chain’s contour si � hlbix
2 � lbiy

2i/lbi
2, where lbia is the component of ith bond vector, at different

times relative to the Rouse time tR in (a) network and (b) melt simulations with similar number of entanglements per chain.
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case we need to consider the delayed onset of topological
interaction and the increase of entanglement in a self-
consistent manner. We also found that the relaxation of the
melt before the onset of entanglement, which is thought to be
Rouse-like, exhibits more complicated behavior than expected.
The inhomogeneous structural recovery along the chain’s con-
tour, which is an important consideration of our theory, is well
confirmed. However, the comparison between network and
melt simulations suggests a direct check of entanglement
properties is required.

IV.2 Primitive path analysis

Following the structural recovery of the original chains, the
properties of primitive paths at different time scales during the
reentanglement process are examined in this section. A primi-
tive path is the shortest path connecting the two chain ends
without violating the topological constraints. By analyzing
the statistical properties and configurations of PPs, we can
determine the entanglement state of the sample.9 Thus, PPA
provides significant insights into the relaxation pathway of a
disentangled sample in addition to the original chain structure.

There are two major methods of performing PPA with MD
simulation data. One is to quench the system while (i) fixing the
motion of chain ends; (ii) turning off intrachain pairwise
potential so that the contour length of the chain will shrink,
and (iii) maintaining the interchain pairwise potential so that
topological constraint is preserved.9 The other method is to
perform a pure geometric analysis, using the so-called Z1+
toolkit.60 Although the Z1+ toolkit is generally more efficient
than the quenching method, it is not applicable to our network
simulations. Since it has been proved that the outcomes of the
two methods have no significant difference,60 we use the more
adaptable quenching method throughout this work. Fig. 8
presents the simulation snapshots before and after PPA in a
network and a melt.

We first focus on the average contour lengths of PPs, hLPPi.
Fig. 9 plots their variation with time during the reentanglement
process. We normalize hLPPi by the contour lengths of the
original chain L and plot them against the time normalized

by the Rouse time. The results of network simulations are
shown in Fig. 9(a). This figure confirms that Rouse time tR is
the characteristic retraction time of PP contour length from the
initial configuration (a fully stretch state, i.e., hLPPi/L = 1) to the
steady state. Moreover, a smaller network mesh size d results in
a higher equilibrium retraction factor (for semiflexible chains,
hLPP0i/L E 0.10 and 0.17 when d = 15.0 and 8.0, respectively).
It means the level of bond length shrinkage during the genera-
tion of PP is lower, because the chain feels more topological
constraints. In terms of the chain’s chemistry, semiflexible
chains have larger equilibrium value of hLPPi/L than flexible
chains in the same network. Semiflexible chains span a wider
range, and thus, experience more effective entanglements. The
melt simulations in Fig. 9(b) exhibit very similar behavior to
network simulations. The relative retractions of contour lengths
for different chain lengths of the same chemistry are well super-
posed when normalized by Rouse time. In terms of the equili-
brium contour length, the retraction factor hLPP0i/L in a melt of
flexible chains is much smaller than that with semiflexible chains
(hLPP0i/L E 0.16 compared to 0.40). This is a combined effect from
the change of chain chemistry and tube diameter.

We further analyze the average number of entanglements
during the reentanglement process. We check this property
from the classic definition of entanglement number that treats
PP as a Kuhn chain: ZPP � hLPPi2/hR2i. ZPP = 1 means that the PP
is a straight line without kinks. The corresponding results of
network and melt simulations are shown in Fig. 10. For the
equilibrium values of ZPP in networks, we find them much
smaller than the entanglement number when the entangle-
ment length is defined from the condition hdRk

2i|k=Neb
= d2,

although the latter definition is well consistent with the equili-
brium c.m. diffusion constant (Fig. S6(a)) and structural recov-
ery time (Fig. 5(d)). For example, the chain of Nb = 500 in the
network of d = 10.0 has Nb/Neb E 15, but PPA shows that ZPP E
2.67. Such a significant contrast has not been reported before.
In comparison, PPA gives a more consistent estimation of
entanglement property in polymer melts. The reasoning could
be related to the difference between ‘‘pairwise’’ and ‘‘collective’’
entanglements.61

Fig. 8 Simulation snapshots before and after PPA in (a) a network and (b) a melt.
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In the transient regime, ZPP in Fig. 10 proves that entangle-
ments start recovering from the Rouse time in network and
melt simulations, showing ZPP B (t/tR)1/2. This result differs
from what has been shown previously, looking at the transient
perpendicular size in Fig. 5 and 6. Whereas in the network
simulations, the time dependence of ZPP is consistent with
hRyy

2i, it was observed that the perpendicular sizes in the melts
evolve as hRyy

2i B t1/4 before full recovery, which are much
slower than the increase of ZPP. This difference between the
evolution of hRyy

2i and ZPP in networks and melts is, in fact, in
agreement with the theoretical picture proposed in Section II.2,
according to which the creation of an entanglement along a test
chain in a melt is also affected by the collective motion of the
surrounding chains. Indeed, when the obstacles are fixed like
our network simulation, the creation of entanglements only
relies on the degree to which an individual chain explores the
surrounding space. In contrast, when topological interaction
originates from different chains as in the case of a melt, the
number of new entanglements is determined by the increase of
binary contacts. Since all the chains are recovered simulta-
neously, the creation of entanglements is thus faster than the
single-chain case.

In Fig. 10(b), we also present the PPA result when the initial
configuration of the melt is less stretched with s0 = 0.20. The
result proves that such an initial configuration is fully disen-
tangled. Moreover, the change of ZPP becomes independent of
the initial configuration after the Rouse time tR, consistent
with the discussion on stress relaxation in Fig. 14(b).

To highlight the inhomogeneous recovery of entanglements
along the chain’s contour, we analyze the distribution of kinks
along the PP. The results are to be compared with the distribu-
tion of bond order parameters in Fig. 7, which describes the
original chains before PPA. To describe the kinks, we divide the
PP into Nb/Neb vectors ui and define the sharpness parameter:
ki � 0.5[1 � hcos(yi)i], where yi is the angle between ui and ui+1,
as illustrated in Fig. 11(a). Here, we introduce a new quantity to
describe the inhomogeneous recovery because it is more infor-
mative than the order parameter. In this definition, ki = 0
means a straight line with no kink, and ki = 1 means the
neighboring vectors are opposite to each other (the sharpest
kink). If the PP is considered as a worm-like chain, its persis-
tent length will be lPP = �1/ln(1 � 2ki) in the unit of Neb

bonds. Examples of kinks’ sharpness distribution in a network
and a melt with similar equilibrium entanglement number (Nb/

Fig. 9 Average contour length of PP normalized by the contour length of the original chain hLPPi/L as a function of time normalized by Rouse time t/tR in
(a) networks and (b) melts, for flexible (F) and semiflexible (SF) chains.

Fig. 10 Average number of entanglements per chain defined as ZPP � hLPPi2/hR2i against t/tR in (a) networks, and (b) melts. The legends are identical
with Fig. 9. The cross scatters in (b) represent the PPA result when the initial configuration of the melt is less stretched (s0 = 0.20).
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Neb E 15) are presented in Fig. 11(b) and (c), respectively.
Compared to Fig. 7 which reveals the structural inhomogeneity
at the retraction stage when t { tR, the kink distribution
function in Fig. 11 better describes the entanglement property
at the reorientation stage.

In Fig. 11(b), the equilibrium values of ki in a network are
much smaller than expected, suggesting that the persistent
length of PP (lPP E 4.84) is much larger than the estimation
from network strand length. This is another way of showing the
smaller entanglement number from PPA in networks, in addi-
tion to the effective number of Kuhn segments ZPP as discussed
in Fig. 10(a). In terms of dynamic mode, when t { tR, there are
no kinks along the PP in the two systems. A melt starts differing
from a network at time t E tR, when some kinks can be
identified in the regime near chain ends, but not in the strand
in the middle. In a network, the sharpness of kinks can reach a
similar level as the equilibrium state, which means the same
magnitude of confinement. In contrast, the kinks in a melt at
t E tR are much smoother than the equilibrium ones. It means
at this moment, the effective tube diameter, or saying the
persistent length of PP, is much larger than the equilibrium
value. We consider the two observations in the melt, including
the absence of kinks in the chain’s interior when t { tR and the
higher smoothness at t E tR, as proof of our theoretical
assumption in Fig. 2(b). That is, at the onset of topological
interaction, a terminal strand cannot form effective entangle-
ment with the interior parts of other chains, and the

entanglements between terminal strands have weaker confine-
ment effect.

When t 4 tR, reentanglement dynamics in a melt are more
distinguishable from a network. For the network simulation as
shown in Fig. 11(b), we can see that the kinks gradually
‘‘diffuse’’ from the extremity to the interior part. New kinks
will not be created along the probe chain until the neighboring
strand closer to the chain end becomes entangled with the
network. However, when we examine the same time scale in a
melt as presented in Fig. 11(c), an interior strand can form a
kink without waiting for the full relaxation of the terminal
strands. It suggests that entanglements are created between a
terminal strand and an interior strand of another chain. Mean-
while, the sharpness of kinks in the terminal strand increases
with time. This phenomenon indicates the instant tube dia-
meter is decreased as chains’ configurations are recovered,
which does not exist in network simulations. In summary,
the detailed investigation into the properties of PPs and
the thorough comparison between network and melts simula-
tions well support our molecular picture of reentanglement
dynamics in an entangled melt proposed in Section II of
this work.

IV.3 Stress relaxation

The stress relaxation function is another important quantity to
trace the dynamics of reentanglement, and it is directly related
to rheological measurements in experiments. We measure the

Fig. 11 (a) Snapshot of a single PP, which is divided into Nb/Neb vectors. Distribution of kinks’ sharpness along the chain’s contour ki� 0.5[1� hcos(yi)i] at
different time scales in (b) a network and (c) a melt with similar number of entanglements per chain.

Paper Soft Matter



6222 |  Soft Matter, 2026, 22, 6206–6226 This journal is © The Royal Society of Chemistry 2026

extensional stress sE � sxx � syy, where sab is the component of
the stress tensor including the contributions from kinetic
energy, bonded and non-bonded interactions. The absolute
value of stress is meaningless for network simulations because
it depends on the size of the simulation. Thus, we focus on the
dimensionless quantity sE/rkT, where r is the number density
of beads. This quantity is useful because it represents the
instant tension along the chain in a highly orientated state,
based on the Kramer’s expression of stress: sE/rkT E ftlb/kT.
Thus, it is easy to estimate the level of non-Gaussian elasticity
from the reduced stress. The onset of non-Gaussian stretch is
ftb/kT E 1, which means sE/rkT E lb/b E 0.30 for a semiflexible
chain and 0.56 for a flexible chain. The initial configurations
of our network simulations have sE/rkT E 20, representing a
strong non-Gaussian regime. The melt simulation with the
initial bond orientation s0 = 0.90 corresponds to the initial
stresses sE/rkT E 10.0. The extensional stresses as a function
of time are compared with the normalized linear relaxation
modulus G0(t)/rkT with a prefactor, where the shear modulus
is calculated from the time correlation function of stress
component under equilibrium: G0(t) � V/kThsxy(t)sxy(0)i, with
V is the volume of the simulation box. To reduce statistical
noise, G0(t) in a network simulation is evaluated from the
time correlation function of bond orientation tensor, with an
appropriate shift factor applied, following the method by Cao
and Likhtman.62

The simulation data in networks are shown in Fig. 12(a) and (b).
First, the linear relaxation modulus in our network simulations
exhibits the typical features of entangled dynamics: Rouse-like
and chain-length independent relaxation G0 B t�1/2 when
t { te, and a plateau regime when te { t { td. In Fig. 12(b),
the height of plateau is elevated with the decrease of the
network mesh size. The transient extensional stress also exhi-
bits a Rouse-like ramp at the first step of relaxation. This
regime is independent of the network mesh size and overlaps
with the relaxation in a free space, as shown in Fig. 12(b).
Fig. 12(c) suggests the Rouse time tR is the characteristic time
scale of stress relaxation in the Rouse ramp regime. The
relaxation of stress can be compared to that of hRxi/L in
Fig. 5(c), which does not exhibit a Rouse ramp. To explain the
Rouse ramp observed in extensional stress, we can refer to the
stress-optical coefficient: aSO � sE/rkT/s, where s is the bond
order parameter as mentioned previously. The corresponding
data are presented in Fig. 13(a). This figure shows that the
coefficient aSO exhibits universal relaxation with respect to the
Rouse time tR: aSO B (t/tR)�1/2. Moreover, aSO becomes con-
stant when t 4 tR, indicating a Gaussian chain elasticity is
recovered. Thus, the Rouse ramp observed in sE/rkT results
from the one-dimensional non-Gaussian to Gaussian elasticity
transition along the chain contour. Because the non-Gaussian
Rouse ramp persists up to tR, the elastic plateau of extensional
stress can only be found in the regime of tR o t o td. With a

Fig. 12 Relaxation of normalized extensional stress sE/rkT for (a) probe chains of different lengths in the same network (d = 10.0), and (b) the same
probe chain (Nb = 500) in different networks. The transient extensional stresses are compared with the normalized linear relaxation modulus G0(t)/rkT
multiplied with a prefactor of 5. (c) The same stress data in (a) against the normalized time t/tR. (d) Stress relaxation in melts of different chain lengths.
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prefactor of 5, the terminal relaxation of sE overlays well with
that of linear relaxation modulus G0, proving the consistency
between equilibrium and reentanglement dynamics in network
simulations.

Stress relaxation from melt simulations as shown in
Fig. 12(d) exhibits very similar behavior as network simula-
tions. It also starts with a Rouse ramp, due to the non-Gaussian
to Gaussian transition as confirmed from the stress-optical
coefficient aSO in Fig. 13(b). It must be noted that the Rouse
time is sufficient to overlay the data of aSO of the melts. Our
results are also close to the experimental data of stress relaxa-
tion after uniaxial extension63 (after choosing the moment of
flow cessation as t = 0, as replotted by Wu et al.64) The terminal
stress relaxation from a highly stretched state also aligns well
with that of the linear relaxation modulus, in agreement with
our theoretical prediction that the full relaxation time is
unaltered from the equilibrium disentanglement time despite
the change of relaxation path way.

We also examine stress relaxation when the initial levels of
chain stretching are changed. This corresponds to the case of
relaxation after subjecting to different flow rates. In Fig. 14(a)
for network simulations, the initial extensional stress reduces
from sE/rkT E 20 to 0.45 when the bond order parameter in the
initial configuration changes from s0 = 1 to 0.20. The initial

stress of the melt data in Fig. 14(b) changes to a similar
magnitude with the decrease of initial stretching. The compar-
ison shows that the effect of initial configurations persists up to
the Rouse time tR. If the initial configuration does not have
non-Gaussian elasticity, the extensional stress sE/rkT will not
exhibit a Rouse ramp but rather a plateau regime.

In summary, there are two main messages from the current
section about stress relaxation: one is that the Rouse ramp of
extensional stress when t o tR is due to the non-Gaussian to
Gaussian elasticity transition, supported by the Rouse-like
relaxation of the stress-optical coefficient. This mechanism is
also highlighted when comparing the relaxation from different
initial configurations. The other is that stress relaxation can
hardly distinguish the reentanglement dynamics of a melt from
a probe in a network. This observation highlights the impor-
tance of interrupted flow measurement, which better captures
the level of recovery at different stages from the transient
response on a newly imposed flow.

V Conclusion

In conclusion, the current work systematically compared the
relaxation of a highly stretched polymer chain in fixed networks

Fig. 13 Stress-optical coefficient aSO defined as the ratio of normalized extensional stress to the bond order parameter for reentanglement dynamics in
(a) networks and (b) melts.

Fig. 14 Relaxation of normalized extensional stress sE/rkT starting from the different initial configurations (level of stretching indicated by the bond
order parameter s0) in (a) network simulations and (b) melt simulations.
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and polymer melts which are well entangled under equilibrium
but fully disentangled in their initial configurations, from
theoretical analysis and MD simulations. In the theoretical part
of this work, we reviewed the prediction of the classic reptation
theory which assumes a space with fixed obstacles. Then, we
explained the reentanglement dynamics of a highly stretched
melt differs from the single-chain scenario in two aspects: one
is that a polymer starts feeling the onset of entanglement at the
length scale of a ‘‘just-entangled strand’’ size xje D aZ1/3 where
a is the equilibrium tube diameter and Z is the equilibrium
entanglement number. The other is that after the retraction of
PP characterized by the Rouse time tR, the self-consistent
expression between the perpendicular size hRyy

2i and the
instant entanglement number results in the time dependence
hRyy

2i B t1/4, in comparison to the second Rouse-like regime
hRyy

2i B t1/2 in networks. Despite the change of relaxation
pathway, the full recovery time of a melt still agrees with the
disentanglement time td in our theoretical prediction, consis-
tent with experimental observations from interrupted shear
measurement.

The theoretical predictions were examined from two sets of
simulation data. In the first set of data, we simulated single-
chain Langevin dynamics in fixed networks. Not only the
equilibrium dynamics but also the reentanglement dynamics
from a fully stretched configuration from our simulations were
found quantitatively consistent with the classic reptation the-
ory. The main feature of reentanglement dynamics in our
network simulations was that the perpendicular size hRyy

2i
exhibited an unambiguous second Rouse-like regime in the
regime t c tR. The other set of simulation data of polymer
melts starting from highly stretched configurations showed
qualitatively different behaviors as network simulations in
terms of the recovery of perpendicular size, although they were
almost indistinguishable from equilibrium dynamics. The two-
power-law behavior, full recovery time extracted from the
simulation data of hRyy

2i were found to agree well with the
theoretical predictions. The length scales of entanglement
onset were found to be close to the just-entangled strand length
as defined in the theoretical part. The distribution functions of
bond order parameters proved inhomogeneous relaxation dur-
ing reentanglement dynamics. The PPA in the two systems
showed that in a melt, the effective entanglement number relies
on the binary contact of the polymer chains, and thus it grows
fast with time compared to the perpendicular size. Whereas the
time-dependence of the two quantities were found to be iden-
tical in network simulations, which can be described as the
single-chain event. The development of kinks along the PPs
proved that reentanglement occurs differently along the chain’s
contour and a melt can exhibit a more uniform recovery of
entanglements at the reorientation stage compared to the probe
chain in a network. In terms of stress relaxation, the network and
melt simulations behaved similarly, showing that the reconstruc-
tion of entanglement network in a relaxing melt does not play a
significant role in stress relaxation within our parameter range.

Overall, the theoretical framework and simulation results
presented in this work provide improved understanding of

experimental observations on reentanglement dynamics and
offer new insights into single-chain behavior across different
time scales out of equilibrium. These findings may also facil-
itate the development of new molecular models for the non-
linear rheology of entangled polymers, a field that continues to
present significant challenges.
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