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Inspired by the generalized Langevin equation (GLE) formalism with some approximations, we have proposed a
method to generalize the Rouse expression of the magnitudes probing chain dynamics, taking into account the
non-exponential character of the Rousemode correlators. In this way, generalized expressions for the incoherent
neutron scattering function and for the End-to-End relaxation – which give rise in the frequency domain to the
dielectric ‘normalmode’ relaxation –have been obtained. Thesemagnitudes have been checked bymeans of fully
atomisticmolecular dynamics (MD) simulations corresponding to pure poly(ethylene oxide) (PEO) and to PEO in
an asymmetric blendwith poly(methylmethacrylate) (PMMA).Moreover, the results obtained also seem to give
support to the unified scenario recently proposed for explaining the non-exponential relaxation of the long-
wavelength Rouse modes in polymer systems in terms of the effect of density fluctuations (α-process) on
chain dynamics.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Chain dynamics dictate the viscoelastic properties of melts of poly-
mer systems. Nowadays it is generally assumed that the Rouse model
[1] provides a suitable description of chain dynamics of unentangled
polymer melts, i.e., melts of chains of molecular weight lower than a
certain limit (‘entanglement mass’). The Rouse model can also be seen
as a ‘fixed point’ of all theories of polymer dynamics inwhich linear con-
nected objects are ideal and subjected to local dissipation. For instance,
in the chain dynamics theories of entangled polymers based on the
‘tube’ concept [2,3], the Rouse model is a basic ingredient because
chains move ideally (Rouse behavior) until they feel the effects of the
confining tube.

In the framework of the Rouse model, a tagged chain is represented
as a string of N beads of equal mass connected by harmonic springs of
constant 3kBT/ℓ2, with ℓ the bond length and kB the Boltzmann con-
stant. The effective interaction experienced by the chain is given by a
friction coefficient ξ and a set of stochastic forces f

!
j. Excluded volume

interactions are neglected. The chain normal (Rouse) mode X
!

p tð Þ of
index p = 1 … N − 1 (wavelength N/p) is defined as X

!
p tð Þ ¼ N−1

∑N
j¼1 r!j tð Þ cos j−1=2ð Þpπ=N½ �, with r! j the vector giving the position

of the j-bead in the chain. X
!

p tð Þ follows the equation of motion

2Nξ
dX
!

p tð Þ
dt

¼ −Kp X
!

p þ g!p ð1Þ

with Kp ¼ 24NkBTℓ
−2 sin2 pπ=2Nð Þ . The external force for the p-th

mode is g!p ¼ 2∑N
j¼1 f

!
j tð Þ cos j−1=2ð Þpπ=N½ �.

The Rouse model fully neglects spatial and time correlations of

the stochastic forces, i.e., g!p t0ð Þ g!q t″
� �D E

¼ 12NξkBTδpqδ t−t0ð Þ. The
former two approximations yield, respectively, orthogonality of the
Rouse modes and exponential relaxation of the Rouse correlators,
leading to the expression for the correlation function of the p-mode,

Cp tð Þ ¼ X
!

p tð ÞX!p 0ð Þ
D E

, Cp tð Þ ¼ ℓ2

8N sin−2 pπ
2N

� �
e−

t
τp with the relaxation

time given by τp ¼ ℓ2ξ
12kBT

sin−2 pπ
2N

� �
. Due to the effects of local poten-

tials and chain stiffness at short length scales in real systems, Rouse
model results are usually discussed in the long wavelength (N/p)

limit. In this range sin2 pπ
2N

� �
≈ pπ

2N

� �2.
Orthogonality of the Rouse modes and exponentiality of the Rouse

correlators are the two main assumptions of the Rouse model and are
the basis of the derivation of the magnitudes probing chain relaxations
[3].

Thesemagnitudes (incoherent and coherent scattering functions, di-
electric ‘normal mode relaxation’, etc.) are thereby constructed in terms
of exponential Rouse mode correlators. For homopolymer melts this
seems to be a rather good approximation in the high temperature
range (with respect to the glass-transition temperature Tg) were most
of the measurements of the chain dynamics are usually carried out
and taking into account that the relevant modes are the slowest ones.
However, significant deviations from the exponentiality of these mode
relaxations have been recently reported in the low temperature range
approaching Tg [4]. This range was accessible by using a thermo-
stimulated depolarization current (TSDC) technique, which, on the
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other hand, allows isolating experimentally the dielectric response of
the slowest Rouse mode (p = 1) relaxation. As usually, deviations
from exponentiality were accounted for by using the well known
stretched exponential function Cp tð Þ≈ exp − t=τ̂p

� �βh i
. The β values

characterizing these deviations resulted to be correlated with the ratio
τ̂R=τα being τ̂R ¼ τ̂p¼1 and τα the characteristic relaxation time of the
α-relaxation in the system. This process is a general feature of glass-
forming systems and it is associated with the evolution of density fluc-
tuations in the system at the inter-macromolecular scale (first maxi-
mum of the static structure factor S(Q) in the case of polymers). In the
high temperature range, τα uses to be well separated from that of the
slowest chainmode relaxation (τR), thereby implying that the statistical
independence of both processes could be taken as a good approxima-
tion. However, as soon as the temperature decreases approaching the
Tg of the polymer melt, both processes approach each other, implying
some kind of coupling between both. This would break the Rouse as-
sumption of uncorrelation of the random forces acting on a polymer
chain and would explain the non-exponential behavior of the Rouse
mode relaxation. Although the possible coupling between chain dy-
namics and α-relaxation has been widely discussed in the literature
concerning the problem of the different temperature dependence of
bothprocesses approaching Tg (see, e.g. [5–8]), the effect of local density
fluctuations (α-relaxation) on the non-exponentiality of the Rouse
mode correlators in homopolymers has started to be recognized only
recently [4].

On the other hand, in the case of the chain dynamics of the fast com-
ponent of asymmetric polymer blends, strongdeviations from the expo-
nential relaxation of the slowest Rouse modes are well documented
[9–11]. Asymmetric blends are miscible polymer systems A/B where
the two components display very different segmental mobility or Tgs.
In this case, the deviations from the exponentiality of the Rouse mode
relaxation also dependon temperature, beingnegligible at high temper-
ature where the dynamic contrast between the two components van-
ishes. As soon as the temperature decreases, the α-relaxation of the
slow component of the blend will slow down and its relaxation time
will approach the characteristic times of the slowest Rousemode relax-
ation of the fast component in the blend. This situation seems to be sim-
ilar to that described above for homopolymer melts, being now the
relevant density fluctuations those associated with the freezing of the
slow component in the blend. In fact, based on experimental results of
polyisoprene (PI) and PI in different blends, it has been reported [4]
that the β values corresponding to the slowest (p = 1) Rouse mode of
the fast component in a blend follow the same trend with respect to
the ratio τ̂R=τα than those corresponding to the homopolymer case,
being τα the characteristic time of the relevant density fluctuations in
the system: the α-process for the homopolymer melt and the α-process
of the slow component in the blend.Wenote that in the case of the asym-
metric blends we can face situations where τ̂R=τα ≤ 1, something that
would not be possible in the case of homopolymers. Thus, in general,
we should expect stronger deviations from the exponentiality of
Cp = 1(t) [called CR(t)] – i.e., lower values of β – in the case of blends.

As it has been mentioned above, in the framework of the Rouse
model the non-exponentiality of the Rousemode correlatorswill direct-
ly affect the magnitudes probing chain dynamics because these magni-
tudes are written in terms of such correlators. We have also to take into
account that in the tube-reptation theories forwell entangled polymers,
chain dynamics at times t b τe –where τe is the so-called entanglement
time – is also described in terms of the Rouse model, thereby being af-
fected as well by the non-exponential behavior of Rouse correlators.
Moreover, in the case of the End-to-End correlation function, the math-
ematical expression is formally the same in the framework of both,
Rouse and reptation theories. With these ideas in mind, in a recent
paper [12] we have generalized the Rouse expressions for the mean

squared displacement of a polymer segment 〈rs2(t)〉 and that of the cen-
ter of mass of the chain 〈RCM

2 (t)〉, by considering the non-exponential
character of the Rousemode relaxation. Starting from these expressions
and taking into account the Gaussian approximation, we have also pro-
posed equations for the corresponding incoherent scattering functions
Fself
s (Q, t) and Fself

CM(Q, t). The results obtainedwere checked by usingmo-
lecular dynamics (MD) simulations data of poly(ethylene oxide) (PEO)
in asymmetric blends with poly(methyl methacrylate) (PMMA). In the
present work, after briefly summarizing the main approximations
used to generalize the Rouse expressions for 〈rs2(t)〉 and 〈RCM

2 (t)〉, we
will extend this approach to the case of the End-to-End correlation func-
tion. Finally, wewill apply the results obtained toMD-simulation data of
both, bulk PEO and PEO in PEO/PMMA blends.

2. A simple approach inspired by the GLE formalism

As it has been commented in the Introduction section, the exponen-
tial nature of the relaxation of the Rouse modes arises as a consequence
of neglecting time correlations of the random forces acting on a polymer
segment. In a general formulation (generalized Langevin equation, GLE,
formalism) for the time evolution of the Rouse mode correlators, the
correlation between the random forces can be introduced within a
memory kernel in the Langevin equation. This termeffectively produces
an extra friction non-local in time and thereby a non-exponential decay
of the mode relaxation. The standard Rouse behavior and the corre-
sponding constant friction are recovered when the memory function
decays to zero at very short times in comparison to those characteristic
of the mode relaxation. In the framework of a simplified GLE formalism
[13], we canwrite an integro differential equation for the time evolution
of a Rouse correlator, Cp tð Þ ¼ X

!
p tð ÞX!p 0ð Þ

D E
dCp tð Þ
dt

þ 1
ξo

Z t

0
dt0Γ t−t0

� �dCp t0
� �

dt0
¼ −

Cp tð Þ
τop

: ð2Þ

We note that in order to arrive to Eq. (2), the fast decaying ‘Rouse
contribution’ has been extracted from the general memory function of
the GLE formalism [13,14]. In this way, the memory function Γ(t) in
Eq. (2) only contains the non-Rouse contribution. As consequence of
this partition, ξo and τpo in Eq. (2) are respectively the ‘bare’ constant fric-
tion coefficient connectedwith the fast local motions and the relaxation
time of the Rouse correlator corresponding to pure Rouse behavior.
Moreover, as it was described in ref. [12], we considered two additional
approximations. First, Γ(t)was assumed to be independent of the length
scale (wavelength of themode, N/p) due to the fact that we were inter-
ested in the long wavelength (N/p) limit. Moreover, based on the argu-
ments widely discussed in ref. [12], a second step was to consider a
‘pseudo-Marcovian’ approximation and to replace the convolution inte-
gral of Eq. (2) by a time local product. As itwas discussed in ref. [12], this
strong approximation would be justified under the assumption that in
the long wavelength (N/p) limit, Γ(t) decays faster than Cp(t). This is
equivalent to say that Γ t ¼ τ̂p

� �
≈0, where τ̂p is the relaxation time of

Cp(t) (see below). In ref. [12], this assumption was numerically checked
by means of MD-simulations of PEO/PMMA system, also considered in
this work. It was obtained that Γ t ¼ τ̂p

� �
≈0 for the range N/p ≥ 10

(see Fig. 7 in ref. [12]), i.e., the relevant long wavelength range consid-
ered here (see Section 5).

In the framework of the above-described approximations and defin-
ing a time dependent effective friction coefficient as ξ(t) = ∫0

t dt′Γ(t′)
the solution of Eq. (2) can be expressed as

φp tð Þ ¼ Cp tð Þ
Cp 0ð Þ ¼ exp − ξo

τop

Z t

0

dt0

ξo þ ξ t0ð Þ

" #
: ð3Þ

To proceed further with Eq. (3) we have two possibilities. The first,
and more rigorous one, would be to construct a microscopic theory for
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