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ABSTRACT: We study stress relaxation in several types of entangled 10° e
monodisperse linear polymer melts by comparing the shear stress relaxation A
modulus, G(t), with the end-to-end vector autocorrelation function, P(t). The 102 L
study includes three Kremer—Grest bead—spring models with varying chain i
stiffness, as well as a chemistry-specific coarse-grained model of cis-1,4-
polybutadiene. For each model, multiple chain lengths were simulated, spanning
a range of N/N, = 5—50 entanglements per chain. We observe that in all cases the 10°
behavior of G(t), beyond the short-time Rouse regime, is accurately described by

GY[P(t)]% where the chain-length-independent prefactor G, denotes the plateau
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modulus. This correlation is consistent with both double reptation and dynamic

tube dilation models of polymer relaxation, each based on a distinct physical description. The double reptation model represents the
melt as a transient network in which stress relaxation is governed by the survival probability of pairwise entanglements. The dynamic
tube dilation model, however, assumes that the tube of constraints surrounding a polymer chain progressively enlarges as relaxation
proceeds. The relation G(t) = GY[P(t)]* can serve as a basis for determining the plateau modulus and the corresponding
entanglement length. It also simplifies the modeling of G(t), since an accurate analytical expression for P(¢) is sufficient to describe
the long-time behavior of G(t). We further compare the simulation data for P(t) and G(t) with theoretical expressions.

1. INTRODUCTION

The investigation of the viscoelastic properties of polymers has
been an important research area since the emergence of polymer
science.' This interest has been driven in part by the practical
importance of the understanding of the viscoelastic behavior of
polymers. Furthermore, the viscoelastic properties have been
studied to gain insight into the relaxation processes of polymers
and to test fundamental theories of polymer dynamics.

In a polymer melt, a chain cannot cross its surrounding chains.
This topological constraint profoundly affects the dynamics of
long chains, preventing them from undergoing unrestricted
Brownian motion, as assumed in the Rouse model. The tube
model represents the restraining influence of surrounding chains
as a confining tube along the chain.”® To renew its
conformation, the chain must escape the tube (formed at time
t = 0) by moving along the tube contour. While moving along
the tube contour, the chain initially undergoes incoherent
restricted Rouse motion. Then, after its Rouse time, when it has
traveled a distance along the tube comparable to its end-to-end
distance, the motion becomes coherent, curvilinear diffusion
along the tube. This curvilinear diffusion is known as
reptation.”> For very long chains, the contour length of the
tube is much larger than the end-to-end distance of the chain,
and the chain performs reptation along most of its path within
the tube. Therefore, in the basic tube model, it is assumed that

© 2026 The Author. Published by
American Chemical Society

WACS Publications

3455

the chain moves along the tube only by reptation, and the
contribution of incoherent motion in the escape of the chain is
ignored.’ This assumption is reasonable in the limit of very long
chains; however, over a wide range of chain lengths, the
contribution of incoherent restricted Rouse motion along the
tube cannot be neglected. This incoherent motion of the chain
along the tube allows part of the chain to exit the tube at short
times and reduces the effective distance the chain must travel by
reptation to escape the tube. This motion is usually viewed as a
process that leads to fluctuations in the contour length of the
tube, since at times shorter than the Rouse time, the
independent motion of the two chain ends induces variations
in the contour length. The process is also referred to as contour
length fluctuations (CLF).”®

The combination of reptation and contour-length fluctuations
(CLF), which together describe the motion of a chain within a
fixed tube, explains several key features of entangled polymer
dynamics. These include the chain-length dependencies of the

Received: December 27, 2025 Wacromolecules
Revised:  February 20, 2026 e
Accepted: February 26, 2026

Published: March 6, 2026

https://doi.org/10.1021/acs.macromol.5c03613
Macromolecules 2026, 59, 3455—3464

9z0z isnbny 0 uo Jasn ZN WA A INN AQ 4pd "€TIE0ISAU /S6¥0LYEY /SSYE /9 /6G / 4pd -0 |9 1} 1€ /xqauau /610 "sde 'sgnd //:d 11y WO 14 papeo juwog


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alireza+F.+Behbahani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.5c03613&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03613?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03613?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03613?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.5c03613?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/mamobx/59/6?ref=pdf
https://pubs.acs.org/toc/mamobx/59/6?ref=pdf
https://pubs.acs.org/toc/mamobx/59/6?ref=pdf
https://pubs.acs.org/toc/mamobx/59/6?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.5c03613?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
https://creativecommons.org/licenses/by/4.0/

Macromolecules

pubs.acs.org/Macromolecules

self-diffusion coefficient and longest relaxation time, as well as
characteristic behaviors of dynamical observables such as the
mean-squared displacement, end-to-end vector correlation, and
single-chain dynamic structure factor for sufficiently long
chains.”® This fixed-tube picture, however, does not adequately
describe the viscoelastic spectrum of even very long mono-
disperse linear polymer melts.**”

According to the fixed-tube model, at long times, stress
relaxation occurs only through the escape of the polymer chain
from its confining tube. Consequently, the stress relaxation
modulus, G(t), is expected to be proportional to the surviving
tube fraction, u(t), such that G(t) = G{u(t) where Gy is the
plateau modulus, which is independent of chain length, and ()
represents the fraction of the chain that remains confined within
its original tube formed at t = 0.>° However, this relation, when
the analytical expression for u(t) is used, does not yield a
satisfactory description of the viscoelastic spectrum.*’

Within the framework of the tube model, the inadequacy of
the fixed-tube picture in describing the viscoelastic spectrum is
attributed to the process of constraint release (CR). This
process is attributed to the motion of the surrounding chains
that constitute the confining tube of a given (or target) chain.
The CR process has been viewed in different ways in the
literature. According to one approach, a CR event caused by the
motion of a surrounding chain is assumed to result in a local
displacement of the tube. These local displacements due to CR
events lead to a slow, Rouse-like motion of the tube, which in
turn contributes to stress relaxation.”” Rubinstein and Colby
developed a theory based on the above “Rouse-tube” description
of the CR process.” They assumed that the tube could be
modeled as an effective Rouse chain with random bead
mobilities, whose distribution depends on u(t). It was also
assumed that the stress relaxation modulus of a monodisperse
melt can be written as G(t) = Gyu(t)R(t) where R(t) is the stress
relaxation modulus of the effective Rouse-like chains that mimic
the tube motion induced by CR. The Rubinstein—Colby model
of CR has been incorporated into the Likhtman—McLeish'’
model for the viscoelasticity of entangled melts. The adjustment
in the latter model is the addition of a fitting parameter in the
R(t) function, which allows control over its decay rate. The
resulting expression for the relaxation modulus is G(t) =GY u(t)
R(tc,), where ¢, is a fitting parameter. The limit ¢, = 0
corresponds to neglecting constraint release, for which R(¢) = 1,
while ¢, = 1 recovers the original Rubinstein—Colby model.

Besides the aforementioned model, the CR process has been
described as a mechanism that causes an increase in the effective
tube diameter over time (i.e., dynamic tube dilation). This
model was first introduced by Marrucci'' and later adopted by
other researchers.'”~"* Marrucci assumed that the portion of the
chain that escapes from the tube behaves as a solvent, which
leads to an increase in the tube diameter. For a monodisperse
melt, this model yields G(t) = Gy [u(t)]"** with a ~ 1.

A similar relationship was proposed by des Cloizeaux for
monodisperse linear polymer melts; however, it was introduced
within a network-based physical picture known as the double
reptation model.>">'® The main assumptions of double reptation
are (i) An entanglement between two chains produces a stress
point; (ii) the stress relaxation modulus is proportional to the
number of original stress points that remain at time ¢ and (iii) a
stress point persists if neither the first chain nor the second chain
reptates through that point. The survival probability of a stress
point is [¢(#)]% and hence the stress relaxation modulus is given
by G(t) = GY[u(t)]%. The exponent 2 arises because a stress
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point is produced by an entanglement between two chains. In
other words, in the double reptation description, a polymer melt
is viewed as a transient network formed by entanglements. The
nodes of this network are created by entanglements between
pairs of chains, and the stress relaxation modulus reflects the
survival probability of the original stress points.

The Rouse—tube model of constraint release (adopted in the
Likhtman—McLeish model'”) and the double reptation model
have been employed to describe viscoelastic spectra of
monodisperse linear polymer melts obtained from experi-
ments””' "7 as well as from molecular simulation techni-
ques."”™*' To apply these models, one needs an analytical
expression for 4(t) which is then used either in the Rouse—tube
model of constraint release or in the relation G(t) = G[u(t)]>
The resulting analytical expressions for G(t) take as inputs
physical quantities such as the entanglement length and
entanglement time, as well as additional fitting parameters
introduced in an ad hoc manner. Therefore, comparison of these
analytical relations with experimental data usually corresponds
to evaluating whether the models can adequately fit the
experimental results.

A more direct insight into the viscoelastic response can be
obtained by comparing the shear stress relaxation modulus,
G(t), with the end-to-end vector autocorrelation function, P(t).
In the tube model, P(t), is equivalent to the surviving tube
fraction.” Consequently, the fixed tube model leads to the
prediction G(t) = GYP(t), while the predictions of the double
reptation and dynamic tube dilation models can be written as
G(t) = GY[P(t)]* (we refer to this relation as the double
reptation relation, although it also arises from the dynamic tube
dilation model). However, the latter relation does not arise from
the Likhtman—McLeish model. As mentioned above, in this
model stress relaxation modulus is given by G(t) = GRu(t)
R(tc,). Depending on the value of c,, the function R(#,) can
differ significantly from y(t), and as a result, the quantity G (t)
R(t,c,) differs from G [u(t)]* (or equivalently GY[P(t)]*). Even
with ¢, = 1, which corresponds to the original Rouse-tube model
of Rubinstein and Colby, R(t,c,) exhibits a long-time tail and
deviates from p(t)."°

The end-to-end vector autocorrelation function, P(t), is
experimentally accessible via dielectric relaxation spectroscopy
of type-A polymers, which have dipole moments aligned along
the polymer backbone.”"* The proportionality between G(t)
and [P(#)]* has been examined through combined rheological
and dielectric relaxation spectroscopy measurements for
monodisperse cis-polyisoprene melts. Consistent with the
predictions of the double reptation and dynamic tube dilation
models, the relation was reported to be valid.'>** It is worth
noting that combined rheological and dielectric relaxation
spectroscopy measurements have also been used to test the
predictions of the tube dilation model in mixtures of short and
long polymer chains.””~** However, for such systems, it has
been reported that the prediction of dynamic tube dilation, in its
basic form, is not generally valid. This limitation has been
attributed to the rapid relaxation of the short chains, which
occurs on a time scale too short for the long chains to adjust their
motion and fully explore their dilated tube.”>**

Few computational studies have also investigated the validity
of the relation G(t) = GY[P(t)]* for monodisperse polymer
melts. This relation was observed using a multichain slip-link
model (for N/N, = 10, where N, is the entanglement length).*
More recently, we”® have also provided support for this relation
through simulations of the standard fully flexible Kremer—Grest
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model. Using this model, we simulated chain lengths up to N/N,
= 20, although good statistics for G(t) at long times were
obtained up to N/N, = 8. For the model studied, we found that
GR[P(t)]* accurately describes the long-time behavior of G(t).”

In the present contribution, we provide further support for the
relation G(t) = GY[P(t)]* by studying several types of entangled,
monodisperse linear polymer melts using molecular dynamics
simulations over a significantly broader range of chain lengths,
characterized by the number of entanglements per chain. The
study includes both generic and chemistry-specific models. We
also use the relation G(t) = GY[P(t)]* as a basis for determining
the plateau modulus and its corresponding entanglement length.
Furthermore, within this framework, an accurate analytical
expression for P(t) is sufficient to predict G(t), excluding its
short-time behavior. We therefore compare the P(t) and G(t)
data obtained from simulations with theoretical expressions.

We study three Kremer—Grest bead—spring models with
varying chain stiffness,”* ™ as well as a chemistry-specific
coarse-grained model parametrized to represent cis-1,4-poly-
butadiene.”” For each model, chains of different lengths are
considered. The bead—spring models with different stiffness
values have recently been employed to represent a wide range of
commodity polymers.3'0 Furthermore, the entanglement length,
N,, decreases with increasing chain stiffness, and the stiffer
bead—spring models enable simulations of chains with larger N/
N, ratios. In the present study, chain lengths corresponding to
N/N, = 5-50 are considered. For the bead—spring models, the
N, values obtained from the double reptation relation are
compared with those determined from primitive path analysis,
which is a widely used method for determining entanglement
length and for characterizing entanglement networks in
molecular dynamics simulations.” ~**

The manuscript is organized as follows. In Section 2, we
introduce the models under study and provide the details of the
simulations. In Section 3, we examine the correlation between
G(t) and P(t) and compare the simulation results with
theoretical predictions. Finally, in Section 4, we summarize the
main findings.

2. MODEL

Molecular dynamics simulations were conducted using three
Kremer—Grest bead—spring models of varying stiffness,””*” as
well as a chemistry-specific model that represents cis-1,4-
polybutadiene (cis-PB).””

In the Kremer—Grest models, all beads have mass m and
interact via purely repulsive nonbonded interactions described
by the Weeks—Chandler—Andersen potential, characterized by
a length scale o and energy scale £.”® Bonded interactions are
modeled using a FENE potential, which prevents chain crossing.
All quantities are expressed in units of o, € and m. The bead
number density is p = 0.85 6>, The temperature was maintained
at kyT = 1 using a Langevin thermostat with friction coefficient
y=0.5 77\, A time step of 0.017 was used. The stiffness of the
chains is controlled by an angle-bending potential of the form
U(0) = ky(1 — cos ), where 0 is the angle between the vectors
representing two consecutive bonds.”” We studied three models
with ky = 1.5, ky = 2.5, and ky = —1. Larger values of kg
correspond to stiffer chains with larger end-to-end distances.
Furthermore, increasing k, leads to a decrease in the
entanglement length, N,. Using primitive path analysis, the
estimated N, values are 28, 15, and 120 beads for ky = 1.5, 2.5,
and —1, respectively.‘go’34 In the next section, we compare these
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estimates with the N, values obtained from the viscoelastic
spectra.

For each value of kg, we simulated polymer chains of different
lengths. For ky = 1.5, chain lengths N = 100, 200, 400, and 1000
were examined. For ky = 2.5, results are reported for chain
lengths N = 100, 200, and 400. Finally, for ky = —1, simulations
were performed for N = 400 and 1000. For chain lengths N =
100, 200, 400, and 1000, the simulation box contained 800, 400,
384 (or 96), and 216 chains, respectively. Production runs were
performed for approximately 2 X 1077 to 2 X 10z (2 X 10° to 2 X
10'° time steps). The initial pre-equilibrated configurations for
the bead—spring simulations were taken from our previous
simulations of the standard Kremer—Grest model, in which the
an%Ie—bending potential was not applied (corresponding to ky =
0).”® For equilibration, the initial configurations were subjected
to long equilibration runs. The equilibration of the resulting
configurations was verified by measuring the internal chain
distances, as shown in Figure 1. This figure presents R*(n)/n as a

4.5 ;
4.0
3.5
3.0
2.5
20 -
1.5
1.0

ky=2.5 ]

__________

10°

coa vl L
10" 10°
n (number of bonds)

10°

Figure 1. Mean-squared internal distances for the simulated Kremer—
Grest chains. R?(n) denotes the average squared distance between two
monomers separated by n consecutive bonds along one chain.

function of n, where R*(n) represents the mean-squared distance
between two monomers separated by n bonds along a chain. At
large length scales, the internal distances approximately follow
the expected Gaussian behavior (R*(1)~n). For large , the ratio
(R*(n))/n approaches the statistical segment length squared b?,
such that (R*(n)) = nb”. For models with stiffness parameters k,
=—1, 1.5,and 2.5, the statistical segment length b is calculated to
be 1.250, 1.650, and 1.990, respectively.

The chemistry-specific coarse-grained (CG) model of cis-PB
was parametrized based on a united-atom model.”’ In the CG
model, each monomer of cis-PB, containing four CH,, groups, is
mapped onto a single CG bead. The model includes nonbonded
interactions, as well as bond-stretching, angle-bending, and
dihedral potentials, which are derived by matching the local
structural distributions of the CG model to those of the
atomistic model using the iterative Boltzmann inversion
method. After proper time scaling, this model faithfully
reproduces the dynamical properties of the atomistic model
for time scales larger than the segmental relaxation time and
length scales greater than the CG bead size. This CG model
significantly extends the accessible simulation time scale relative
to the atomistic model. Specifically, it enables simulations of cis-
PB for times on the order of 100 us at 413 K. More details about
the CG model can be found elsewhere.>” In the current work, we
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Figure 2. G(t) curves for the bead—spring chains with a bending stiffness of ky = 1.5. The G(t) curves are compared to Gy[P(t) ] (dashed magenta),

G [P(t)]* (solid red), and GY

P(t)]? (dashed green), with G% =
N,ppa g N
(corresponding to N,

2Ppa

0.0324¢/0> (corresponding to N, = 21 beads) and Gy, = 0.0243¢/0°
= 28 as calculated from primitive path analysis). Panels correspond to chain lengths N = 100 (a), 200 (b), 400 (c), and 1000

(d). The dashed orange lines in panel (a) show the short-time prediction of the Rouse model with monomeric time 7, = 2.17. Additionally, panel (c)
shows an estimate of the entanglement time, obtained from the condition G(z,) = pkyT/N, = SGY/4.

study cis-PB chains with lengths N = 200, 400, and 1000
monomers at T = 413 K. For N = 400 and 1000, the data for the
stress relaxation modulus, G(¢), are identical to those presented
in the previous study.”” However, in the present work, the G(t)
data for N = 200 are slightly different, as we extended the run to
improve the statistics.

The simulations of the Kremer—Grest models were
performed using the LAMMPS® and HOOMD-blue*® pack-
ages, while the simulations of the chemistry-specific CG model
were carried out using the GROMACS package.””

3. RESULTS

3.1. Correlation between Viscoelastic Response and
Single-Chain Dynamics

In this section, we examine the validity of the following relation,
as proposed by the double reptation model and also by the
dynamic tube dilation model, for the polymer melts studied in
our simulations

G(t) = GR[P(1)T (1)

As noted in Section 1, G(t) is the shear stress relaxation
modulus, P(t) is the end-to-end vector autocorrelation function,
and GY is the plateau modulus. The latter is related to the

entanglement length, expressed as the number of monomers
between entanglements, via'®3®

GO = 4 pkgT
NS ON, @)

where p is the monomer number density, kg is the Boltzmann
constant, and T is the temperature. The factor 4/5, which is
absent from the corresponding relation for cross-linked rubbers,
originates from the possibility of monomer redistribution along
the chain in a deformed entangled melt (ie. relaxation of
longitudinal modes).””"”*” In equilibrium simulations, G(¢), is
calculated from the autocorrelation function of shear
stresses !

G(t) = o,5(t)a,p0)), a#p

-

kT (3)
Here, V denotes the volume, 6,4(t) (@, f € {«, y, z}) represents a
shear component of the stress tensor, and (-) denotes the
ensemble average. The correlation function was computed using
the multiple-7 correlator algorithm, and to improve statistics,
results were avera§ed over different orientations of the

coordinate system.*” The end-to-end vector autocorrelation
function, P(t), is defined as
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_ (R(H)-R(0))

P(t) =

(R(0)-R(0)) ©
where R(t) is the end-to-end vector at time t.

To examine the validity of eq 1, we investigate whether a
chain-length-independent prefactor, GY, can be identified that
satisfies this relation.

Figure 2 presents the measured G(t) curves for the
semiflexible bead—spring chains with a bending stiffness of k,
= 1.5. The panels of this figure show G(¢) for chain lengths N =
100, 200, 400, and 1000, separately. The G(t) curves exhibit a
short-time Rouse regime, with G(t) ~ 7172 before the chains
feel entanglement constraints.>*° After this initial Rouse regime,
the behavior of G(¢) is governed by entanglements. The results
in Figure 2 show that, beyond the initial Rouse regime, the
behavior of G(¢) for different chain lengths is well described by
Gu[P(t)]? with Gy = 0. 0324¢/0°, corresponding to an
entanglement length N, = 21 beads. In all cases the G(t) curve
decays significantly faster than GYP(t), which represents the
prediction of the fixed-tube model (i.e, ignoring CR).
Furthermore, the long-time behavior of G(t) cannot be
accurately captured if G?\Lppa = 0.0243¢/0°, corresponding to
Neppa = 28>* as calculated from primitive path analysis, is used as
the prefactor of [P(t)]% Since G%/Ppa is lower than thecalculated
value for the plateau modulus Gy, the expression G, ,,..[P(t)]*
slightly underestimates the height of the late-time shoulder of
the measured G(t) curves.

As an additional analysis of the above values for the
entanglement length and the corresponding plateau modulus,
we perform a self—consistencgr check, following the procedure
used in our previous work.”® For a given value of N, (or its
corresponding Ggl), one can estimate entanglement time, 7,
from the G(t) curves using G(z,) = pksT/N, = 5G%/4™" (see
Figure 2c). This value of 7, is expected to be consistent with the
Rouse time of a subchain with length N, namely 7,NZ, where 7,
= (b*/(37%ksT) is the monomeric time.” Here, { is the
monomeric friction coeflicient and b is the statistical segment
length.

We determine 7, by matching the short-time Rouse regime of
the simulated G(t) curves to the prediction of the Rouse
model,” which contains 7, as its only input parameter (G(t) =
(pkBT/N)Zpexp[—ZpZt/(TONZ)]). For the Kremer—Grest
model with ky = 1.5, this procedure yields 7, = (2.1 + 0.3)z.
The corresponding Rouse-model prediction is shown in panel
(a) of Figure 2 as orange dashed lines. For this model, the
statistical segment length is b = 1.650 (as noted in Section 2),
and the obtained value for 7, therefore corresponds to a
monomeric friction coefficient of { = 23m/z. This value is
comparable to a previously reported estimate { = (27 + 20%)m/
7 based on mean-squared displacements.**

With 7, = 2.1, we carry out the self-consistency check
described above. Based on the G(t) data (for N =400 and 1000),
taking N, = 21 gives an entanglement time 7, ~ 10007 (see
Figure 2c). This value is consistent with the Rouse time of a
subchain of length N, = 21, namely 7,N?> = 9267. In contrast,
using N, ., = 28 yields 7, & 52007, which is much larger than the
corresponding Rouse time of a subchain of length N, .., namely
TONg,ppa = 16507. Therefore, the value N, = 21 obtained from the
double-reptation relation better satisfies this self-consistency
check.

Hsu and Kremer®* previously measured G(t) for the Kremer—
Grest model with kg = 1.5 for chains with lengths N = 500, 1000,

and 2000. They reported that N, ,,, = 28 is consistent with the
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plateau modulus extracted from the measured G(t) curves.
However, this conclusion is not fully supported by the results
shown in eq 1, which suggest that N, ,, slightly underestimates
the plateau modulus. Their conclusion was based on visual
inspection of G(t) curves obtained from relatively short
trajectories (over ten times shorter than the trajectories used
in the present work, made possible by advances in computa-
tional power), which may introduce some uncertainty in their
estimate, particularity comparable to the relatively small
difference between N, and N, extracted from the double-
reptation relation. Likhtman et al.*’ also reported that, for
bead—spring chains of varying stiffness (induced by an angle-
bending potential different from the one used in this work), the
plateau modulus predicted by primitive path analysis is
systematically lower than the plateau modulus determined
from an equivalent slip-spring model. For the standard Kremer—
Grest model with k, = 0, our previous results similarly suggested
that the entanglement length obtained from primitive path
analysis underestimates the plateau modulus.*®

We continue by examining the validity of the relation G(t) =
GY[P(t)]* for the other systems studied (i.e., those aside from
the Kremer—Grest model with ky = 1.5). Figure 3a shows the
G(t) curves for Kremer—Grest models with ky = 2.5 and chain
lengths N = 100, 200, and 400. In this panel, the G(¢) curves are
compared with GY[P(t)]* with GY = 0.052¢/0> corresponding
to N, = 13. It can be observed that G [P(t)]* describes the
behavior of G(t) well at times longer than the initial Rouse
regime. For this stiffer model, the entanglement length obtained
from the double reptation model, N, = 13, is close to the value
N, ppa = 15 calculated from primitive path analysis.*’

Panel (b) of Figure 3 shows the G(t) data for the bead—spring
model with k= —1 and chain lengths N = 400 and 1000. For this
model as well, the G(t) = GY[P(t)]* with G = 0.0085¢/6°
corresponding to N, = 80, provides a good description of the
G(t)gélata. This value of N, deviates from the estimate N, ,,, =
120.

For the model with ky = —1, similar to the case of ky = 1.5, we
also carry out the consistency check described above to further
assess the entanglement lengths estimated from double-
reptation relation and primitive-path analysis. From the short-
time Rouse regime of the measured G(t) curves, we determine
the monomeric time to be 7, = (1.5 + 0.2)7. With this value of 7,,
we perform the self-consistency check described above. Based
on the G(t) data for N = 1000, taking N, = 80 gives an
entanglement time 7, &~ 8000 7 (see Figure 3b). This value is
relatively close to the Rouse time of a subchain of length N, = 80,
namely 7,N> = 9600z. In contrast, using N ppa = 120 yields 7, ~
45,0007, which is significantly larger than the corresponding
Rouse time, 7,N;, ,,, = 21,6007,

The N, values extracted from the relation G(t) = G%[P(¢)]*
for Kremer—Grest chains of varying stiffness are summarized in
Table 1. The result for the standard Kremer—Grest model with
ko = 0 from our previous work’® is also included. For
comparison, the entanglement lengths calculated via primitive
path analysis’>**~>*** are reported in the table as well. The
results from double reptation and primitive path analysis behave
qualitatively similarly, and both decrease with increasing k, and
thus increasing chain stiffness. However, it seems that N, is
systematically larger than the value from double reptation,
meaning that primitive path analysis slightly underestimates the
plateau modulus, as inferred from the double reptation relation.
For stiff chains, the results of the primitive path analysis are close
to those obtained from the double reptation relation; however,
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Figure 3. Comparison between G(t) and GY[P(t)]* for three different
polymer models. Panel (a) shows the results for the bead—spring model
with bending stiffness ky = 2.5, where GY, = 0.052¢/5°, corresponding to
N, = 13. Panel (b) presents the results for the bead—spring model with
kg = —1, for which G, = 0.0085¢/¢6°, corresponding to N, = 80. In this
panel, an estimate of the entanglement time is also shown, obtained
from the condition G(z,) = pksT/N, = 5G¥/4. Panel (c) shows the
relaxation functions for a chemistry-specific coarse-grained model of cis-
PB at 413 K, where G = 15.5 bar corresponding to N, = 28 monomers.

for flexible chains, the results have a relatively larger difference.
As noted above, based on slip-spring simulations, Likhtman et
al.*? also reported that primitive path analysis underestimates
the plateau modulus.

Finally, panel (c) of Figure 3 compares the G(t) data for cis-PB
with the prediction GY[P(t)] using GY = 15.5 bar, which
corresponds to an entanglement length of N, = 28 monomers (T
=413 K). Results are shown for chain lengths N = 200, 400, and
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Table 1. Entanglement Lengths N,, Expressed as the Number
of Monomers between Entanglements, Corresponding to the
Plateau Modulus, as Obtained from the Relation G(t) = G%
[P(t)]?, for Bead—Spring Chains of Varying Stiffness

Specified by k,*

k€ Ne Ne,ppa

-1 80 120%°
0 52 87,343 78%
15 21 28,3 27%
2.5 13 15

“Entanglement lengths determined from primitive-path analysis,
N,ppw are also included. The error bars on the N, values were
estimated to be around 10% by (1) dividing the simulation trajectory
into three blocks and computing G(t) for each block, thus assessing
the variation of G(t) between blocks, and (2) varying the plateau
modulus (which directly corresponds to N,) in the relation G(t) =

GY[P(t)]* and evaluating the quality of the resulting fits.

1000 monomers, and good agreement between the measured
G(t) curves and GY[P(t)]* is observed. The entanglement
length N, = 28 corresponds to an entanglement molecular
weight of M, = 1512 g/mol, which is comparable to an available
experimental value of M, = 1800 g/mol for a 1,4-rich PB
sample,”® indicating a reasonable fidelity of the employed
coarse-grained model”” in this regard.

Opverall, in this section, we observed very good agreement
between G(t) and G[P(t)]* for all monodisperse polymer melts
studied.

3.2. Comparison of Simulation Results with Theoretical
Expressions

The relation G(t) = GY[P(t)]* simplifies the modeling of G(t)
for monodisperse samples. Based on this relation, an accurate
analytical expression for P(t) is sufficient to predict the long-
time behavior of G(t) in monodisperse melts. In this section, we
therefore compare the simulation data for P(t) with analytical
expressions. We also compare the measured G(t) data with
theoretical predictions based on double reptation.

As noted in Section 1, within the tube model, P(f) is
equivalent to the surviving tube fraction, y(t). This equivalence,
however, neglects the short-time decay of P(t) due to Rouse
motion within the tube. In what follows, we compare P(t) with
an analytical expression for u(t) that accounts for contour-
length fluctuations (CLF) and reptation, calculated within the
fixed-tube model. For short chains, particularly those in the
crossover regime between Rouse and entangled dynamics, (t)
calculated within a fixed-tube framework is expected to show
limitations when used to model P(t). In such systems, the Rouse
regime, which is absent from 4(t), contributes significantly to
the decay of P(t). Furthermore, the characteristic behavior of
P(t) may differ from the fixed-tube prediction.”® With increasing
chain length in a monodisperse melt, the contribution of the
Rouse regime decreases, and the characteristic behavior of P(t)
approaches that predicted by the fixed-tube model.

For describing P(t), we use the following analytical expression
proposed by Likhtman and McLeish,"” for the evolution of 4(t)
due to contour-length fluctuations at short times and reptation
at longer times
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The first term of eq S represents the contribution from CLF and
dominates up to times on the order of the Rouse time 7. This
term is responsible for the scaling behavior (1 — pu(t)) ~ V4
The second term corresponds to the contribution from
reptation, which becomes dominant at times longer than .
The time 74(Z) denotes the disentanglement time in the
presence of CLF, and G{(2) is a dimensionless plateau modulus.
Explicit expressions for these quantities, €*, and p* can be found
in Likhtman and McLeish."’

The comparison of simulation data for P(t) with eq S is
performed for the semiflexible Kremer—Grest model with ky =
1.5, as a wider range of chain lengths has been simulated for this
system. The quantities Z = N/N, and 7, are the only input
parameters in eq 5. For the bead—spring model with ky = 1.5, we
set N, = 21, the value obtained from double reptation relation
(see Figure 2 and Table 1). We then calculate 7, using 7, = 7,N¢,
with 7, = 2.17 independently determined from the Rouse regime
of the measured G(t) functions, as discussed above in the
context of Figure 2 (see also Table 2). Figure 4 shows the

Table 2. Values of the Monomeric Time 7,[={b*/(37%)] and
Statistical Segment Length for the Polymer Melts Studied”

model Ty b
KG, kg=—-1 1.57 1.25¢
KG, ky=1.5 2.1t 1.65¢
KG, kyg=25 3.07 1.99¢

cis-PB (T = 413 K) 0.69 nm

“ty is determined from the short-time Rouse regime of the G(f)
curves; see Figure 2a and the corresponding discussion. The statistical
segment length b is determined from the large-scale values of internal
chain distances.

1.3 ps

measured P(t) curves (symbols) for various chain lengths of the
bead—spring model with k, = 1.5 together with the predictions
of eq S (lines). The data are presented in two formats. Panel (a)
of Figure 4 shows P(t) vs t, while panel (b) presents P(t) =

—4Z7Y/*/%0P/ ot vs t, followmg the representation adopted by
Likhtman and McLeish.'° In this latter representation, the CLF
regime, where (1 — P(t)) ~ t**, appears as a plateau, while the
long-time reptation regime appears as a peak.

Equation S poorly describes the P(t) data for the shortest
chain studied, but the agreement with the P(t) data improves as
the chain length increases; nevertheless, even for long chains,
differences between the prediction and the simulation data
persist at long times. A major reason for the inadequacy of eq 5 in
describing the P(t) of short chains is the neglect of the initial
short-time Rouse regime. At short times, before the chains feel
entanglements, P(t) exhibit a Rouse regime in whlch (1-=P(t)
~ 15 or P(t) ~ t°%° (see panel (b) of Figure 4).>° For short,
mildly entangled chains, the contribution of this Rouse regime to
the decay of P(t) is significant; however, for long chains, the
contrlbutlon of this regime becomes negligible. Previous
studies'””" have proposed modifications to eq S, particularly
to improve its short-time behavior. These modified equations
introduce one or more additional fitting parameters that can be
adjusted to improve the quality of the fit, which, as mentioned, is
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Figure 4. (a) P(t) data for various chain lengths of the semiflexible
bead—spring model with ky = 1.5 (symbols), shown together with the
u(t) in the Likhtman—McLeish model, eq S (solid lines), using N, = 21
and 7, = 7,N? = 2.IN. The model inputs were determined
independently and were not treated as free fitting parameters. (b)
The same data presented in the format adopted by Likhtman and
McLeish,'° where P(t) = —4Z¢1/*/*0P/ot.

most important for shorter chains. In the current work, we stay
with the basic model and, as noted above, determine its input
parameters independently. Indeed, the quality of the fit can be
slightly improved at long times if the inputs to eq 5 are treated as
free fitting parameters, for example, by reducing 7, relative to the
value determined from the short-time regime of G(t). With the
current input parameters, the theoretical prediction is slightly
higher than the measured curves at long times. It is worth noting
that this long-time effect is slightly more pronounced for the
stiffest chains with ky = 2.5 and weaker for the system with k, =
—1 (data not shown).

Having compared the P(t) data with the analytical expression,
we now compare the G(t) data to the analytical prediction given
by the double reptation (and dynamic tube dilation) model.
Based on the results of Section 3.1, the long-time behavior of
G(t) is described by GY[P(t)]* Using the analytical relation for

u(t) (eq S) to describe P(t), we then have G(t) = GN[/l(f)]z,
which is the original relation proposed by Marrucci'' and des
Cloizeaux.”''® The contribution of short-time processes
should also be included to fully describe G(t) from the Rouse
regime up to the terminal time. Here, these contributions are
taken from the Likhtman—McLeish model.'’ The resulting
equation is
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Figure S. G(t) curves for the polymer melts studied (symbols), shown together with the predictions of eq 6 (dashed lines). Panels (a—c) show the
results for the bead—spring models with ky = 1.5, kg = 2.5, and ky = —1, respectively. Panel (d) shows the results for cis-PB at 413 K. Equation 6 uses N,
and 7, as explicit inputs. The values of N, are taken from the double reptation analysis reported in Table 1, and the monomeric times 7, are obtained

from the Rouse regimes of the G(t) curves, as reported in Table 2.

N 2
pksT 2p°t
G(t) = GYU(OT + 222 Y exp| - F
N =2 TR
Z-1 2
pkgT pt
cr s o )
p=1 3 (6)

where G = (4pkT)/(5N,) and 73 = 7,N* is the Rouse time of
the chain. The first term is, as discussed above, the contribution
from double reptation; the second term represents the
contribution from the initial Rouse regime; and the third term
accounts for the relaxation of longitudinal modes, which leads to
a redistribution of segments along the chain. In the original
Likhtman—McLeish model,'’ the first term takes the form
Gu(t)R(t,c,), where, as noted in Section 1, R(t,c, ) is calculated
based on the Rouse—tube model of CR, with ¢, being a fitting
parameter which significantly controls the decay rate of R(t,c, ).
Replacing Gyu(t)R(t,c,) with GX[u(t)]* in eq 6 is a natural
consequence of the relation G(t) = GY[P(t)]* which was
examined in Section 3.1. As noted in Section 1, G{u(t)R(tc,)
does not yield GY[P(t)]* because R(tc,) can be significancy
different from u(t). For ¢, ~ 1, the function R(t,,) is close to
u(t) for t < 7y, but it has long-time tail beyond 75 and deviates
from u(t).'"” In some previous studies R(tc,) has been
approximated by y(t), and eq 6 has been used to describe
G(t).""7*" However, the results of Section 3.1 regarding the

3462

examination of the double-reptation relation provide a basis for
the form G{[u(t)]? rather than viewing it as an approximation
to the result obtained from the Rouse—tube model of CR.
Similar to eq 5 for y(t), the input parameters of eq 6 are 7, and
N,, which we determine independently from the double
reptation analysis and the initial Rouse regime of G(t),
respectively. The values of N, and 7, for the different models
are reported in Tables 1 and 2, respectively. Figure 5 shows the
measured G(t) curves (symbols) for the polymer melts studied,
together with the predictions of eq 6 (dashed lines). The quality
of eq 6 in describing the measured G(t) data follows the same
trend observed in Figure 4 for the performance of eq 5 in
describing P(t), as expected from the relation G(t) = GY[P(¢)]*.
The function P(t) for short chains with Z = 5, is not well
described by eq S, leading to large deviations of eq 6 from the
measured G(t). However, with increasing chain length, the
agreement between the theoretical predictions and the
simulation results improves, and overall the theoretical
predictions show fair agreement with the simulation data.

4. SUMMARY

We investigated stress relaxation in entangled polymer melts by
comparing the shear stress relaxation modulus, G(t), with the
end-to-end vector autocorrelation function, P(t), in several
types of strictly monodisperse, entangled linear polymer melts
using molecular dynamics simulations. The investigation

https://doi.org/10.1021/acs.macromol.5c03613
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includes three bead—spring models with varying chain stiffness,
as well as a chemistry-specific coarse-grained model of cis-1,4-
polybutadiene. For each model, several chain lengths were
simulated, spanning a range of approximately N/N, = 5—50
entanglements per chain.

For all of the studied samples, it was observed that Gy[P(t)]*
very well describes G(t) beyond the short-time Rouse regime.
Here, the chain-length-independent prefactor GY, is the plateau
modulus, which is related to the entanglement length by GY =
4pksT/(5N,). This observation is consistent with the
predictions of the double reptation model and also the dynamic
tube dilation model for the relaxation of polymer melts, despite
their distinct physical descriptions. The dynamic tube dilation
model is based on the assumption that the portion of a chain that
escapes the tube behaves as a solvent, leading to an increase in
the tube diameter. The double reptation model is based on a
particularly simple network-based picture of stress relaxation in
polymer melts, in which an entangled polymer melt is viewed as
a temporary network where each node is formed by an
entanglement between two polymer chains, and the stress
relaxation modulus is proportional to the number of original
nodes that remain at time t.

The relation G(t) = GY[P(t)]* can serve as a basis for
determining the plateau modulus and the corresponding
entanglement length. For this purpose, high-quality G(t) and
P(t) data are required for a few chain lengths. The plateau
modulus GY, is then determined as a chain-length-independent
prefactor that satisfies this relation. For the Kremer—Grest
models of different stiffnesses, we compared the so-obtained
values of the entanglement lengths with those obtained from
primitive path analysis. The results from both methods show
similar trends, with both decreasing as chain stiffness increases.
However, it seems that N, calculated from primitive path
analysis, is systematically larger than the value from double
reptation, meaning that primitive path analysis slightly under-
estimates the plateau modulus. For stiff chains, the results of the
primitive path analysis are close to those obtained from the
double reptation relation; however, for flexible chains, the
differences are relatively larger.

Based on the relation G(t) = GY[P()]% an accurate analytical
expression for P(t) is sufficient to model the long-time behavior
of G(t). To describe P(t), we used the analytical expression
proposed by Likhtman and McLeish that incorporates contour-
length fluctuations and reptation. The resulting prediction for
G(t) is then compared with the simulation data. Fair agreement
between the simulation results and theoretical predictions is
observed.

In the present work, we investigated the viscoelastic response
of monodisperse linear polymer melts. For these systems, our
simulation results are in good agreement with the predictions of
the double reptation and dynamic tube dilation models. A
further examination of the prediction of these models can be
performed by analyzing stress relaxation in samples with chain-
length dispersity. This is particularly important because previous
experimental studies”>>* have reported shortcomings of these
models, in their basic forms, in describing the viscoelastic
properties of mixtures of long and short polymer chains. The
investigation of such systems will be the subject of a future study.
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