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ABSTRACT: The polymer blend of polyethyleneoxide (PEO) and polymethylmethacrylate (PMMA)
constitutes a miscible blend of high dynamical asymmetry; that is, the fully miscible components exhibit a
large difference in their glass-transition temperatures, which are 200 K apart. To get a deeper understanding of
the unusual PEO dynamics in this system, we have performed a fully atomistic MD simulation. Here we present
all information and results obtained on the chain self-motion. We present the mean square displacements and
the associated non-Gaussian parameters as a function of temperature. The associated self-correlation function
is compared thoroughly with experiments. We display a Rouse analysis and find strongly modified mode
friction coefficients but restoring forces that are identical to the pure melt. Thereby, the Rouse correlators are
strongly stretched, and the mode number, p, dependence of the relaxation times deviates strongly from the p >
Rouse behavior. We have also carried out simulations of a simple bead—spring blend, which exhibits the same
qualitative dynamic features of the PEO/PMMA system. This suggests that such features are not specific of the
PEO/PMMA system, but they are generic in real polymer blends with strong dynamic asymmetry. A further
important issue was the test of different models that have been invoked to explain the anomalous PEO
dynamics. We compare with a generalized Langevin equation (GLE) approach and with a random Rouse
model dealing with a random distribution of friction coefficients. In all aspects, the GLE model agrees
qualitatively very well with the results of the fully atomistic simulations. The random Rouse model may be
considered to be a phenomenological instantaneous approximation valid for the case where the density
fluctuations of the slow PMMA components are relaxing much slower than the relevant PEO dynamics.

I. Introduction

Blends based on thermodynamically miscible polymers are one
of the most efficient and economical means to create new
materials with tailored properties. Therefore, the dynamical
behavior of each component in binary polymer blends has
attracted increasing interest, and the question of the dynamic
miscibility, that is, how exactly the molecular motions of each
component in a miscible blend are modified by blending, has
come into focus; see, for instance, the recent reviews'? and the
extended list of references therein. By now, dynamic heterogene-
ity is a well-established feature of polymer blends, which refers to
the observation of two different characteristic time scales for
segmental o-relaxation, each of them corresponding to the
dynamics of one component modified by blending. (See repre-
sentative refs 3—7.) A large experimental effort has been devoted
to the phenomenological characterization of this effect and, by
now, it is commonly accepted that this heterogeneous behavior to
a large extent is a consequence of the increased local concentra-
tion of a given segment around itself due to chain connectivity .’
We note that the existence of dynamic heterogeneity in blends
invokes the existence of two different glass transitions as well,
which, in the Lodge and MacLeish terminology are called the
“effective glass-transition”, T, °f of each of the two components

*Corresponding author. E-mail: m.brodeck @fz-juelich.de.

pubs.acs.org/Macromolecules Published on Web 02/19/2010

in the blend.'™"" The dynamic heterogeneity also induces a
dynamic asymmetry in the blend system, which can be defined
as the ratio between the o relaxation times of both components A
and Bin the AB blend: A = t*/B/z®/AB_(In the following, A and
B will denote, respectively, the slow and fast components.)
Taking into account the usual non-Arrhenius temperature de-
pendence of 728 and 7®AB (Vogel—Fulcher-like), it is evident
that the so-defined dynamic asymmetry strongBy degends on
temperature. In the high-temperature limit 7 and
thereby A—1. However, as the temperature decreases, A dra-
matically increases as the component A (slow) in the blend
becomes more and more frozen, approaching its effective glass
transition in the blend. Concerning the dynamics of the B
component, this implies that there would be some kind of cross-
over from the high-temperature behavior, corresponding to the
blend system in “equilibrium”, toward a low-temperature regime
where the B component will move within some kind of frozen
matrix imposed by the A component, which, eventually, could
lead to the emergence of confinement effects on the B dynamics.
We can expect that these effects will be magnified significantly
if the starting components of the blend exhibit very different
glass-transition temperatures (ATy) in their pure homopolymer
state and when the composition of the blend is rich in the
slow component (composition asymmetry). The first experimen-
tal evidence of extreme asymmetries including confinement
effects was reported from dielectric spectroscopy studies for
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polyvinylmethylether (PVME; T,(PVME) = 249 K) blends with
high concentrations of polystyrene (PS; T,(PS) = 373 K)."?

To characterize fully the dynamics of the fast component in
asymmetric polymer blends, space/time resolution at the mole-
cular level is needed, which is offered by neutron scattering
techniques. They furthermore facilitate the selective study of
either of the blend components by deuteration of the other
component. This strategy has been repeatedly used to investigate
the segmental a-relaxation of blend components in miscible
blends. The first direct microscopic observation by these techni-
ques of segmental dynamics under extreme asymmetry conditions
was realized on a poly(ethylene oxide) (PEO) blended with
poly(methyl methacrylate) (PMMA), with PEO being the min-
ority component.® In this system, where the glass-transition
temperatures of the two components differ by almost 200 K, a
strong decoupling between PEO and PMMA dynamics was
previously reported by NMR techniques.'*~"® The PEO compo-
nent in the PEO/PMMA system was studied by quasielastic
neutron scattering (QENS) applying different instruments pro-
viding a broad dynamic range.'*!"'® In this way, a dramatically
stretched, quasi-logarithmic relaxation dynamics was revealed,
which extends from the picosecond to the hundred nanosecond
scale. For an interpretation, very broad distributions of relaxa-
tion times with a T-dependent width were invoked to describe the
experimental results. These broad distributions in the dynamics
of the fast component could be understood as a consequence of
the nonequilibrium situation reached by the fast component in
the vicinity of the effective T, ¢ of the slow-component in the
blend. There, the chain and segmental dynamics of the slow-
component (“matrix”) could be considered to be completely
frozen on the time scale of the segmental motions of the fast
component. In that situation, localized and rather heterogeneous
motions of the fast component can be expected. Extremely broad
distributions of relaxation times were also reported for PEO in
blends with PMMA under different concentrations of PEO
(10—30%) from a QENS investigation of Garcia Sakai et al.'®
There, the concept of local composition was emphasized as a key
ingredient for the PEO dynamics. In another study of that group,
the collective dynamics of a fully deuterated blend (dPEO/
dPMMA) was addressed by means of neutron spin echo.'” The
analysis of the structure factor in terms of stretched exponentials
resulted in very small stretching parameters. We note that those
experiments are not selective for the PEO component in the
blend, and the interpretation of the results is thus extremely
difficult without the help of, for example, molecular dynamics
(MD) simulation to disentangle the different contributions to the
structure factor. Strong dynamic asymmetry, including confine-
ment effects, was also found in a selective QENS investigation of
the hPEO/d-polyvinylacetate (PVAc, 20/80%), where AT, is
~100 K.%° In that work, the results showed the existence of a
crossover temperature located at 70 K above the calorimetric 7,
of the blend: at high temperatures, the PEO behavior is rather
close to that expected for a “standard” glass-forming system in
supercooled regime, whereas signatures of confined dynamics
were observed when decreasing the temperature toward the
average T, of the blend. Studying the viscoelastic and dielectric
relaxation behavior of the PEO/PVAc has yielded similar re-
sults.?! The same was also found for the PEO dynamics in blend
with deuterated polyethersulfone (PES), where AT, is ~180 K>

Dynamic features of polymer blends have also been investi-
gated by MD simulations (see, e.g., refs 12 and 23—31), although
in most of the cases, results are reported for situations of weak or
moderate dynamic asymmetry. The segmental o-relaxation in the
case of strong dynamic asymmetry has been recently investigated
by MD in a simple bead spring model of binary polymer blends.*
Anomalous behavior for the fast Bcomponent has been reported.
The results obtained were interpreted in terms of the mode
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coupling theory (MCT), suggesting the possibility of a higher-
order MCT transition for the fast component dynamics. In such a
scenario, the origin of this situation could be attributed to the
competition between two mechanisms for dynamic arrest: inter-
molecular packing and confinement effects due to the freezing of
the slow component.

The larger scale dynamics of the PEO component in a PEO/
PMMA blend has recently been addressed looking on the single
chain dynamic structure factor of PEO by neutron spin echo
(NSE) spectroscopy.'” Thereby, the range of observation was
extended toward larger length and time scales. In that work, it
was shown that a distribution of relaxation times derived from an
observation on local scales (high Q neutron scattering experi-
ment) suffices to describe the retarded dynamics on larger scales.
The measured time distribution was converted into a distribution
of friction coefficients and then inserted into a random Rouse
model, the solution of which gave rise to a dynamic structure
factor agreeing with the data. Thereby, the experimental situation
corresponded to that of a frozen PMMA matrix in which the
PEO was moving. (The time scale of PMMA motion was far
outside the observation window of the NSE instrument.)

Prior to that, experiments on translational diffusion on a short
PEO chain in a PMMA matrix using forced Rayleigh scattering™
revealed a very low diffusion coefficient corresponding to an
associated effective friction coefficient that would be five orders
of magnitude slower than those revealed by the NSE data on the
scale of the chain. Therefore, the global dynamics expressed by
the chain diffusion senses very deep traps retarding the motion
dramatically.

In a recent work, some of us have also investigated chain
dynamics in a generic, simple bead—spring model for non-
entangled polymer blends.>’ Computer simulations of such a
model have revealed novel features for the relaxation of the
Rouse modes of the fast component. Therefore, by increasing the
dynamic asymmetry in the blend to intensify confinement effects
on the fast component, the latter exhibits a crossover in the
wavelength dependence of the relaxation times of the Rouse
modes. At high temperature, the Rouse scaling expected for
nonentangled chains is found for both components. By decreas-
ing the temperature, however, strong deviations are found for the
fast component. This crossover for the nonentangled fast com-
ponent by increasing dynamic asymmetry has also been observed
in simulations®> > of homopolymers by increasing the chain
length beyond the entanglement length. For the latter case, this
behavior has been rationalized®® by a generalized Langevin
equation approach. In this framework, a slow memory kernel
arises from the slow relaxation of the density fluctuations around
the entangled, tagged homopolymer chain.**"** For non-
entangled homopolymers, such a relaxation is fast, and the
original Rouse model is recovered as a limit case. In ref 31, it
has been suggested that the analogous crossover observed for the
fast component in the nonentangled bead—spring blend follows
from the same physical picture: strong memory effects associated
with slow relaxation of density fluctuations (in this case of the
confining matrix formed by the slow component) around the
tagged chain of the fast component.

To complement the many reported experiments on the unusual
PEO dynamics and to gain a deeper understanding, we have
performed a fully atomistic MD simulation on the PEO/PMMA
system. In this work, we present all information obtained on the
chain self-motion. Thereafter, a Rouse analysis is performed; we
find strongly modified mode friction but restoring forces identical
to the pure melt. Simulation results for the PEO/PMMA system
are qualitatively similar to those obtained for a simple bead—
spring blend model with strong dynamic asymmetry. This sug-
gests that the observed dynamic features are general in real blends
with strong dynamic asymmetry. Another important issue is the
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Table 1. Simulated Densities and Cell Sizes for Different Temperatures”

T (K) density p (g/cm?) size a (A) <R> (Az) < Rg2 > (Az) <R>/< Rg2 >
300 1.1157 41.220 1199 169 7.09

350 1.0891 41.552 1136 170 6.68

400 1.0589 41.944 997 171 5.83

500 0.9977 42.784 879 152 5.78

“Values of the average mean squared end-to-end distance and radius of gyration for the PEO chains in the blend are also included.

test of different models invoked to explain the anomalous
dynamics. We explicitly compare with a generalized Langevin
equation (GLE) approach and with a random Rouse model
(RRM).

The article is structured as follows: In Section 11, we discuss the
details of the simulation approaches taken, the fully atomistic
MD simulation, and the coarse-grained bead and spring model
featuring beads with different interaction potentials. The theore-
tical framework is introduced in Section III. In Section IV, we
present the results of the fully atomistic model and summarize the
outcome of the bead spring simulations. Section V is devoted to
the Rouse analysis of both simulation approaches. It is shown
that the generic bead spring model may be mapped to the fully
atomistic simulations. In Section VI, we discuss the results and
scrutinize both the GLE and the RRM approaches. Finally, in
Section VII, conclusions are drawn.

I1. Simulation Method

A. Fully Atomistic Simulations of PEO/PMMA. The
simulations presented in this article were carried out using
the software package Materials Studio 4.1 and the Discover-
3 module (version 2005.1) from Accelrys with the COM-
PASS forcefield (condensed-phase optimized molecular po-
tentials for atomistic simulation studies). More information
about this force field, including the complete analytical
expression for the functional form, can be found in refs 39
and 40. Coulombic and van der Waals interactions have been
approximated by a group-based spherical cutoff method.
Previous investigations of PEO using the COMPASS force-
field have shown that a choice of 12 A for the cutoff radius
and the spline region yields excellent agreement with experi-
mental results.*! We have chosen the same parameters for the
simulation of PEO/PMMA. This procedure allows a direct
comparison between the results obtained for pure PEO and
those corresponding to PEO in the PEO/PMMA blend.

The simulated system was created using the Amorphous
Cell protocol, which is based on an extension of the method
proposed for the first time by Theodorou and Suter.**** A
cubic cell containing five polymer chains of 43 monomer
units of ethylene oxide and 15 polymer chains of 25 monomer
units of methyl methacrylate was constructed at 400 K under
periodic boundary conditions resulting in a cell with 7170
atoms. The density at this temperature was determined by
simulation of the system under NPT conditions for 2 ns
under atmospheric pressure. After the creation of the cell,
standard minimization procedures (Polak-Ribiere conju-
gated gradients method) were followed to minimize the so-
obtained energy structure, and a subsequent dynamic run
was performed for 2 ns to equilibrate the sample. The system
obtained in this way was used as a starting point for collect-
ing data during MD runs of different duration. As integra-
tion method, we have used the velocity Verlet algorithm with
a time step of 1 fs. The simulations were carried out in the
NVT ensemble. The velocity scaling procedure with a tem-
perature window of 10 K was used to control the tempera-
ture. First of all, we carried out a first MD run of 1 ns,
collecting data every 0.01 ps. After that, two more successive
runs of 2 and 100 ns (200 ns for 7" = 300 K) were carried out,

collecting data every 0.05 and 0.5 ps respectively. No signa-
tures of “aging processes” were detected between successive
runs, assuring equilibrium behavior of the simulated cell.
The same system was used to yield corresponding cells at
different temperatures, namely, 300, 350, and 500 K. The
NPT simulation as described above was carried out at each
of these temperatures. The obtained densities and cell sizes
are listed in Table 1. To our knowledge, the only available
experimental values for the density of PEO/PMMA blend, in
the composition used by us, were reported by Martucelli
et al.** The reported values correspond to polymer films
of PEO/PMMA, where the molecular weight of the two
components was very different from that simulated by us.
Moreover, the experimental values correspond to three
temperatures that do not coincide with those of the simula-
tions. Although the temperature dependence of the density
obtained by NPT follows a similar trend as that of the
experimental data, the absolute values are on the order of
4% lower than the experimental ones. Similar deviations
have been observed in other atomistic simulations of poly-
mers (in particular bulky polymers), and they are likely
related to the limitations of the force fields.

Table 1 also shows the averaged mean squared end-to-end
distance, < R..>>, the radius of gyration, < Rg2 > and the
ratio between both for the PEO chains in the simulated
blend. First of all, we can see that (<Reez>)1/2 is always
smaller than the size of the cell and that (< Rg2 >)12is about
three times smaller than that size. This should prevent the
system from significant interaction of a chain with its
periodic images. A similar criterion has been followed by
different authors (see, e.g., refs 34, 35, and 45.) Table 1
shows that the ratio < Re.>>/< Rg2 > is close to 6 at high
temperature, indicating Gaussian statistics of the chains.
(Using the correct expression and N = 43, a factor of 5.87
is expected for Gaussian chains.) As soon as the temperature
decreases, we observe a tendency to deviate from the Gauss-
ian behavior.

B. Bead Spring Simulations. MD simulations of bead—
spring models for polymer blends with strong dynamic
asymmetry were reported in ref 30. The model used here
introduces a mixture A/B of bead—spring chains with the
same number of monomers, N = 21. The latter reduces to the
B homopolymer for a zero fraction of A chains. The mono-
mer mass is m = 1. Monomers within a same chain are
identical (of the same species A or B). The monomer—
monomer interaction potential is

Oop 12 7 6 r ’
] Q
V‘*ﬂ(”) € < r ) 2 i (C“ﬁ)

wheree = 1,¢ = 1.15,and a3 € {A,B}. Potential and forces
are continuous at the cutoff r. = cous. The interaction
diameters are ogg = 1, 0aa = 1.60pg, and oap = 1.30gpg.
Chain connectivity is introduced by a FENE potential®*

2
PEENE() = — kR2In|1—
oo ( ) 0 (R(loaa)2
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between consecutive monomers, with £k = 15and R, = 1.5.
The blend composition is xg = Ng/(Na + Ng), where N, is
the number of & monomers. The total number of monomers
changes between 1470 and 9975 for, respectively, the smallest
and largest simulated cells. We use a fixed packing fraction
¢ = (/6 V)[NAOZA + NBG%B] = 0.53 both for the blend and
the B homopolymer, where Vis the simulation cell volume.
For the blend, we use a composition xg = 0.3.
Temperature, 7, distance, wave vector, Q, and time, ¢, are
measured respectlvely, in units of &/kg, ogp, Opp 1, and
OBB(m/e) £ We use a time step between 5 x 10~* and
5% 1077 for respectively, the highest and lowest 7. Equa-
tions of motion are integrated in the velocity Verlet scheme.*®
Thermalization at the requested 7 is achieved by periodic
velocity rescaling. Once equilibrium is reached, production
runs are performed in the microcanonical ensemble, with
20—40 independent runs for statistical averages. The longest
production runs extend up to 400 million time steps.

II1. Theoretical Framework

A. Rouse Model. The dynamics of a generic linear, ideal
Gaussian chain of N monomers (in the following referred as
the “tagged chain”) is the starting point and standard
description for the Brownian dynamics in polymer melts.*’
The Rouse model starts from a Gaussian chain representing
a coarse-grained polymer model, where springs represent the
entropic forces between hypothetic beads. The chain seg-
ments are subject to an entropic force o< 3k T/l (ky: Boltz-
mann constant, 7 temperature, /: statistical bead size) and
an effective stochastic force f(n,f), representing the interac-
tions exerted by the surrounding chains that fulfills { f(n,7)) =
0 and {fo(n,0) f5(m,0)) = 2kgTCo Opm Oop O(1); & denotes a
friction coefficient, and o, are the Cartesian components.
With this, the Langevin equation for segment motion
assumes the form

ox(n)  3kgT
==

The Langevin equation is solved by introducing normal
coordinates (Rouse modes)

%

[x(n+1) =2x(n) +x(n=1)]+fe(n, 1) (1)

X,(5) =N~ Z ri(1) cos[(i —1/2)prt/N]

withmodesp = 0,1, ..., N— 1. The mode p = 0 corresponds
to the chain center of mass diffusion Dr = kpT/(NGy).
Modes with p > 0 are described by Rouse mode correlators

/2
(X, () X,(0)) = meﬂ)(_é) Op.g  (2)

with the mode relaxation time

. &/ ~ R
? 7 12kp T sin? (p/2N) ~ p?

B. Extensions of the Rouse Model. The present work deals
with the dynamics of nonentangled fast chains in a blend
with a polymer matrix that exhibits a much slower relaxa-
tion. The presence of such a slow matrix may question a
fundamental assumption of the Rouse model: the purely
random character of the external forces acting on the tagged
chain, strong memory effects being expected. It may also
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suggest a broad distribution of effective friction coefficients,
arising from the structural heterogeneities probed by the
tagged chain inits motion along the quasistatic matrix. These
two ideas are underlying in the two theoretical approaches
considered in this work for the case of strong dynamic
asymmetry at low temperatures: the renormalized Rouse
models within the framework of generalized Langevin equa-
tions and the random Rouse model.

Generalized Langevin Equation and Renormalized Rouse
Models. Now we summarize the main predictions of methods
based on generalized Langevin equations for observables
characterizing chain dynamics. In particular, we summarize
results within the approach of renormalized Rouse models
for the memory kernel. Extensive reviews can be found, for
example, in refs 36—38. Let 7 (n) (1 < n < N) be the monomer
positions of a tagged Gaussian chain of N monomers of mass
m connected by harmonic springs of constant 3k 7//, which
interacts with similar chains in a polymer melt. By using
projection operator techniques, the Liouville equation of the
whole system can be rewritten as a generalized Langevin
equation (GLE) for the coordinates of the tagged monomers.
For an isotropic system, the GLE reads

2= .
md r(n,l): ?)k]g,TL (n+1;0) = 25 (n; 1) +T (n—1;1)]

dr? 2
N t =
-0 dr (k; 1 —7)
+F i1) — / del(n, kjt —1)————+ 3
i) =3 [ kit —0==0—= )

The term F ©(n;1) = exp[iQLQ1|F (n;0) is the “generalized
fluctuating force”. In this expression, L is the Liouville
operator, Q = 1 — P, where P is the projection operator
on the tagged chain coordinates, and F (#;0) is the force
exerted by the monomers of all other chains on the nth
monomer of the tagged chain. Thus, F9(n;t) is the time
evolution of F(n;0) through prOJected dynamics”
(evolution through real dynamics is given by exp(iLt)).

The memory kernel is proportional to the correlator of the
generalized forces, ['(n.k,t — 1) = (6kgT)” (F Q(n 0)F Q(k t—
7)), and contains all of the information about the intermole-
cular interactions on the tagged monomer. The GLE at this
point is not solvable because the fluctuating forces and the
memory kernel cannot be expressed as functions of 7 (n)
alone, and some approximations are needed to reduce eq 3 to
a closed equation.

Before discussing this point, it is worth mentioning that
the Rouse model is recovered as a limit case of the GLE if two
conditions are fulfilled:**~3® (i) no spatial correlations be-
tween matrix density fluctuations so that I'(n,k,t — 7) & 0,
and (ii) fast relaxation of matrix density fluctuations around
the tagged chain, so that I'(n,k,t — 1) ~ 6(¢ — 1). With these
conditions, we have

= m,0)F ° (k; £ 1)
= 6kpTE Oy O(1 —T) (4)

6k TT(n, k; 1 —7)

where ¢ is an effective friction coefficient. By inserting eq 4
in eq 3 and, as usual, neglecting the inertial term for 7> m/C,
we recover the equations of motion of the Rouse model.
In this limit, the generalized fluctuating forces play the
role of the random forces of the Rouse model. They indeed
follow the same correlation assumed by the Rouse model.
(See eq 4.)

Now we discuss the general case of slow relaxation of the
memory kernel. First, the kernel is rewritten in terms of
monomer density fluctuations of the matrix around the
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tagged chain®® 3%

L(n,k;t—1)
6kBT//dr dr'F (F,n) F (17, k)0p® (£, 1;0)
0p°(r". ks 1 =7)) (5)

The quantity 0p2(r ' ,k;t — 7)is the prOJected mdtrlx density
fluctuation at time ¢ — 7 at a distance 7’ from the k' -tagged
monomer. The interactions between matrix monomers and
tagged monomers are mapped into effective hard-sphere
potentials. A weighted average approximation®” is assumed
for the correlators of matrix density fluctuations, and trans-
formation to reciprocal space (of wave vectors ¢) is per-
formed. After this, the memory kernel in eq 5 takes the form

]*1

F(n,k;t—r) = kB—T A

59(q. 1 —1)w% (g, 1 —7)g" dg (6)

where C is a constant containing structural information.**~3*

In this expression, S€ is the pr Q]ected dynamic total structure
factor of the matrix, and w,~ is the projected single-chain
dynamic structure factor for the n'"- and k'"-tagged monomers.
Equation 6 for the memory kernel is a general starting point for
the different approximation schemes of the projected dynamics,
which aim to obtain an approximate closed solvable form for
the GLE (eq 3).

The projected quantities in the integrand of eq 6 are
rewritten as’°

S9(q, 1)

wnkQ(qv l) = wnk(q) exp[

= S(q) exp[—¢*(Ar*(1))o /6] (7a)
—q*(Arnk* (1)) /6] (7b)

where S(¢) and w,,.(¢) are the corresponding static structure
factor and chain form factor. A Vineyard-like approxima-
tion is assumed in eq 7a.*® Within the approach of the
renormalized Rouse model, the projected mean squared
displacements (for self- and intrachain collective motions)
in eqs 7a and 7b are replaced by their respective values in the
Rouse model.>® This ansatz allows us to close the GLE,
which now becomes solvable. From the corresponding solu-
tions r(n;t), it is possible to compute other observables,
including the real (Ar*(r)) and (Ar, (1)). The latter can be
reintroduced in eqs 7a and 7b as new approximations for the
projected dynamics in successive renormalizations (which
lead to the so-called n-renormalized Rouse models®®).

The solution of the GLE equation allows us to compute
any observable dependent on the coordinates of the tagged
monomers, as, for example, the correlator of the Rouse
modes, ®,,(7). By doing 50,%° the relaxation time of the
pth mode follows, for p/N < 1, an approximate scaling

~ (N/p)°, different from the quadratlc power law of the
Rouse model. In the twice renormalized model, the scaling
becomes 7, ~ (N/p)*, and for the three-times renormalized
model, one finds 7, ~ (N/p )7/2 3 For the monomer
mean squared displacement, (Ar’(1)) ~ ¥, at times ¢ < 7,.
The respective anomalous exponents for one, two, and three
renormalizations are®® x = 2/5,1/3,and 2/7, all smaller than
the Rouse exponent 1/2. Models with four or more renor-
malizations are physically inconsistent with approx1mat10ns
introduced in the memory kernel and are not considered.
Apart from the anomalous power-laws, renormalized mod-
els also predict a strong stretching of the Rouse correlators,*®
in contrast with the pure exponential behavior of the Rouse
model.

Brodeck et al.

The problem of relaxation of strongly entangled chains
has been traditionally addressed mainly in the framework of
the phenomenological tube model (see, e.g., ref 48). For
entangled chains, matrix density fluctuations around the
considered tagged chain are expected to relax slowly and to
be spatially correlated. On this basis, GLE methods have
aimed in the last years to provide a microscopic theorgf for
the phenomena associated with entanglement effects.
Similar arguments may be invoked for the application
of GLE methods in the physical situation investigated in
this work, that is, the chain motion of the minority
(nonentangled) component in a blend with a matrix that
exhibits a much slower relaxation. Connections of MD
simulation results in this work with the anomalous scaling
laws and nonexponentiality of the Rouse modes (see above),
predicted by renormalized Rouse models, are discussed in
Section VI.

Random Rouse Model. In the random Rouse model, the
Langevin eq | is generalized, allowing for randomly distrib-
uted friction coefficients

62(;1) _ Nz_:l Lo (31‘17‘;T[x(m+ 1) —2x(m)

m=0

+ x(m—1)]+f(m, t)> (8)

where L,,, = 1/£,0,,, is the diagonal mobility matrix. The
correlator of the stochastic forces then becomes (fy(n,t)
Jp(m,0)) = 2kgT L, 8, Oap O(2). Note that the latter is an
assumption rather different from the basis of GLE methods!
Here spatial and time correlations between the external
forces are fully neglected as in the original Rouse model.
After transformation to bond vectors, X, = X+ >t =17
the resulting trldlagonal matrix equation can be solved
semianalytically,* yielding eigenvalues, €,, and eigenvec-
tors, a,, facilitating the transformation to normal coordi-
nates. The correlators for the bead displacements involve
these eigenvectors and still feature single exponential corre-
lation functions

(ra(t)?) = 6D 14/ NZ_l 2c;zlp(1 —exp(—ept)) 9)
P

with ¢,, = Yhoy a, — (1/NO) AT SV Gy, The
dispersion of &, now depends on the assumed distribution
of the friction coefficients. Furthermore, a simple expression
for the center of mass diffusion evolves

N-1
n=0
The self-correlation function Fy(Q,?) then becomes
N-1 ,
F(Q,1) =1/N Y exp[—0°/6(ru(1)*)] (11)
n=0

The detailed results of this model naturally depend
strongly on the assumed distribution of friction coefficients.
As a general observation, we note that singular very high
friction slows down the center of mass diffusion coefficient
and the long wavelength modes strongly, whereas most of the
shorter wavelength modes will stay unaffected. This model
has been used for describing the single chain dynamics
structure factor of PEO in PEQO/PMMA blends as it is
measured by neutron scattering.!” In that case, the friction
coefficients were drawn from log-normal distributions,
which are characterized by a small fraction of very high
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Figure 1. (a) Mean square displacement (MSD) for PEO in the blend at
temperatures of 300, 350, 400, and 500 K. Lines are fits of a power law at
times 100 < ¢ < 5000 ps. Full symbols correspond to the MSD of
hydrogen atoms in the PEO chain, and empty symbols correspond to
the center-of-mass motion (multiplied by a factor of 0.1). (b) Compar-
ison of the MSD of the PEO hydrogens in the homopolymer (empty
symbols) and in the blend (full symbols) at 7= 350 K. (c) Non-
Gaussianity parameter of the PEO hydrogens In addition to the four
temperatures of the blend (full symbols) the values for the homopoly-
mer at 7' = 350 K are shown (empty symbols).

friction coefficients. The employed distributions, thereby,
related directly to the measured relaxation time distributions
using high-spatial-resolution neutron spectroscopy.

IV. Results

A. PEO/PMMA. Figure 1 presents an overview of the
results of the MD simulation for PEO/PMMA at a 20/80%
weight composition for different temperatures. In Figure 1a,
we display the average mean square displacements (MSD) of
the PEO H-atoms for temperatures between 300 and 500 K.
At times after the microscopic dynamics that dominates up
to ~1 ps, the H-MSDs show a power law increase (r(1)*) ~ ¢
spanning the full simulation regime up to several 10 000 ps.
Thereby the time exponent increases from x = 0.31 at T =
300 K to x = 0.49 at 500 K, corresponding closely to the
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prediction of the Rouse model featuring x = 0.5.%° We
note, however, that in particular at higher temperatures part
of the increase in x may relate to the center of mass (c.m.)
diffusion that becomes relatively more important with in-
creasing 7. The lower part of Figure la displays the c.m.
MSD that undergoes a much more significant increase with
T than the internal chain motion. Whereas at 300 K the c.m.
MSD is nearly flat, at 500 K, {#(1)*)em exhibits a power
law increase with x = 0.8 very close to what is observed
for short chain melts such as polybutadiene (PB)®' and
polyethylene (PE).>> There, this observation was related to
the phenomenon of interchain coupling, which is not in-
cluded in the Rouse model. Finally, Figure la includes the
Rouse times 7y for 400 and 500 K. From their position on the
time axis, we may see that except for 500 K all simulations
were performed at ¢ < 7R, thus focusing on the internal chain
dynamics.

Figure 1b shows a direct comparison of the H-MSDs
between the PEO homopolymer melt and PEO in the
PMMA blend at 350 K. For short times up to ~5 ps, both
MSDs agree quantitatively; at short times, even well beyond
the microscopic dynamics, the PMM A matrix does not affect
the PEO motion. Starting around 10 ps, the MSD of PEO in
PMMA is systematically retarded compared with pure PEO
reaching a factor of 4 at 10* ps. At even longer times, where
under the influence of the c.m. diffusion the PEO MSD in
pure PEO is increasing faster than the Rouse power law of
%3, the motions in the blend are even further slowed down
and seem to bend toward a plateau in time.

In Figure lc, we show the associated non-Gaussianity
parameter a,(7) measuring the leading order deviation from
a Gaussian line shape of the H—self-correlation function

304(0)
0 =Sy

where (r(7)") are the moments of the van Hove self-correla-
tion function. For 350 K, we also include o,(#) for pure PEO.
A number of features are noteworthy: (1) At short times in
the microscopic regime, o,(7) displays a strong peak that is
temperature-independent and is also present in the homo-
polymer melt. (2) In the intermediate time regime 1 < ¢ <
1000 ps, where o,(f) from the homopolymer displays a
shoulder for + < 10 ps before it starts to vanish nearly for
longer times, PEO in the blend develops a strong second
maximum that diminishes with increasing temperature and
finally isabsent at 500 K. (3) The most remarkable additional
feature in the blend data is the increase in o,(f) toward longer
times above about several 1000 ps, which indicates an
increase in the heterogeneity, if the PEO segments start to
explore larger regions in space. We note that this apparent
heterogeneity at longer times may also be related to the
observed plateauing of (r(¢)>) at long times, as discussed in
connection with Figure 1b.

The deviations of the van Hove self-correlation function
47r*GH(r,1) dr from the Gaussian line shape can also be
directly visualized in real space. The self-part of the van Hove
correlation function describes the probability of finding a
hydrogen atom after time ¢ between a distance r and r + dr
relative to its position at + = 0. As a function of time,
47”GH(r,1) dr shifts to larger displacements and broadens.
The MSDs shown in Figure 1a are obtained from 4°G(r,1)
dr by integration

(r(n)?y = /Om r dr 4mr* GH (r, 1)
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Figure 2. Van Hove self-correlation function of the PEO hydrogens in
the blend, for different times (1 = 5, 50, 500, 5000, and 50 000 ps) at T =
350 K. The solid curves show a Gaussian distribution with a MSD taken
from Figure 1a, and the dashed curves are (normalized) fits of Gaussian
distributions to the shown data points. The peaks are clearly shifted to
higher times accounting for the tails in the correlation function.

In Figure 2, we compare the simulated correlation func-
tions with the Gaussian correlation functions based on the
MSDs of Figure la at 350 K. Compared with the simulated
curves, the maxima of the strictly Gaussian functions are
shifted to higher r values, and at the same time, the functions
appear narrower than the simulated curves. The reason
for these differences is the tails in the simulated curves that
appear as a result of the heterogeneities in the blend: Some
segments in a favorable environment move faster than the
average, and others under unfavorable conditions are
retarded compared with the average segment.

Now we move to the incoherent scattermg functions
Fy(Q,t)in thelow Q range (0.1 < Q < 0.4A~ 1), where Rouse
behavior was found for pure PEO.*' These results are shown
in Figure 3a,b. Figure 3a displays the temperature depen-
dence of Fy(Q,?) for PEO in the blend at a value of Q = 0.3
A~ where pure PEO dlsplays stretched exponentlal beha-
vior w1th B = 0.5, that is, Rouse-like behavior.”® The line
shape of Fy(Q,t) for PEO in the blend strongly depends on
temperature. Once again, Fy(Q,r) approaches Rouse-like
behavior at high temperature, but as soon as the temperature
decreases, deviations from that behavior become evident.
First, the S value decreases with temperature approaching
0.3 at low temperature. Moreover, above ~20 ns, there are
clear signatures for deviations from a simple stretched
behavior. Fy(Q,f) seems to display an upturn to some kind
of plateau at longer times. Interestingly, there are also
indications of this behavior in the MSD of PEO in the blend
and even in the MSD of the chain center of mass. (See
Figure 1a.) We note that this is also the time range where
o, increases toward a possible new peak.

At 350 K, Figure 3b compares the Fy(Q,f) corresponding
to pure PEO and PEO in the blend for different Q values.
This comparison is restricted to the low-Q range, where pure
PEO follows Rouse behavior. For all Q values, the Fy(Q,?)
corresponding to PEO in the blend is more stretched than
that for pure PEO, and thereby the relaxation time is higher.
In addition, the plateau in the curves at ¢+ > 20 ns is evident
for all Q values.

The self-correlation functions Fy(Q,?) for all Q values and
temperatures were fitted to stretched exponential functions
(KWW) with f as free parameter. The fitting time range was
restricted from 2 ps to 20 ns to avoid both: the microscopic
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Figure 3. (a) Dynamic, mcoherent scattering function of PEO in
PMMA at Q = 0.3 A" for temperatures of 300, 350, 400, and
500 K. KWW fits with corresponding /3 values are shown. (b) Dynamic
incoherent scattering function of PEO as homopolymer (full symbols)
and in blend with PMMA (empty symbols) at 7 = 350 K. The black
lines are KWW fits with variable § parameter; the gray lines are fits with
p = 0.5 fixed in the time regime 60 < r < 2000 ps (backscattering
window).

regime, which obviously is not related to the Rouse behavior,
and the longer times, where the deviations from the stretched
functional form are evident. Some of the fitting curves are
included in Figure 3b. As can be seen, within the fitting
range, they are good descriptions of Fy(Q,?). Moreover, to
compare with some previously reported experimental re-
sults, we have also carried out a second fit by using a
KWW function with 8 = 0.5 fixed (i.e., Rouse-like) but
restricting the fitting time range to a narrow regime from ~60
ps to 2 ns. This narrow regime roughly corresponds to the
dynamic range covered by neutron backscattering spectro-
meters. In ref 17, some backscattering measurements of PEO
in blends of PEO/PMMA (25/75%) were reported and
analyzed using the Fourier transformation of a Rouse-like
expression for Fy(Q,r). Figure 3b shows that in such a
restricted range, a Rouse-like description of Fy(Q,7) is not
in contradiction with the simulation results. However, the
relaxation times obtained by means of this restricted fitting
do not represent the full time decay of Fy(Q,?).

Figure 4a shows the values for the f parameter obtained
by means of the above-described KWW fits. As we men-
tioned above, the values of 5 decrease with temperature from
values close to 0.5 (in the low Q limit) at high temperature
toward values close to 0.3 at 300 K. Moreover, the obtained
values corresponding to the low-temperature regime hardly
depend on Q. However, in the high-temperature regime,
some Q dependence seems to be evidence that, as alluded
to in the context of the MSDs, to some extent may relate to
the increasing influence of center-of-mass motion at higher
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Figure 4. (a) /3 values at different Q values and temperatures arising
from the KWW fits of the full incoherent scattering functions of PEO as
homopolymer (empty symbols) and in the blend (full symbols) (b)
Averaged t for different Q values and temperatures for PEO in the
blend. The full time-range and a variable 5 parameter were used for the
full symbols, and the empty symbols show fits in the limited time
windows with fixed 8 = 0.5. The stars show experimental results for
T = 400 K for a blend composition of 25% PEO in 75% PMMA (BS-
FZJ and IN16'7). (c) For T = 350 K, comparison of the Q dependence
of the average t corresponding to the pure PEO (empty symbols) and
PEO in the blend (filled symbols).

temperatures. We further note that the 5 values correspond-
ingtoQ = 0.1 A 'havea big uncertainty because the F(Q,7)
do not decay very much in the fitting range.

Figure 4b presents the Q dependence of the average
relaxation time obtained from the full fits as well as in the
restricted fitting regime corresponding to the neutron back-
scattering time window. As expected for Rouse-like behavior
(Section IITA), at 500 K, we find <7(Q)> o Q7 with y
values close to 4. However, ¥ monotonically increases as the
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temperature decreases. Moreover, we note that y = 2/,
indicating approximately Gaussian behavior in the inter-
mediate long time regime, excluding times beyond 20 ns,
where the plateau regimes become evident. This somewhat
unexpected result may be rationalized in terms of our results
for a,. (See Figure 1c.) We know that values of a, lower than
~0.2 approximately lead to Gaussian behavior of Fy(Q,1).”
Furthermore, at low Q, Fy(Q,?) is particularly sensitive to
long times where the non-Gaussian parameter is relatively
low.

Concerning the restricted fits mentloned above, we recup-
erate the apparent Rouse-like O * behavior, which again
is a consequence of the approximate Gaussian behavior (y =
2/f) and to the fact that in the considered time range, 5 =0.5.
At high temperature, the restricted fits give basically the
same Q dependence as the standard fits. This reflects the fact
that at high temperature, the actual 8 value approaches 0.5
for the full relaxation function. Figure 4b also includes
experimental data that were obtained by a procedure corre-
sponding to the restricted fits. There is a reasonable agree-
ment with these experimental data.

Finally, for a low temperature (7 = 350 K), Figure 4c
directly compares the Q dependence of the average relaxa-
tion times for pure PEO and PEO in the blend. The differ-
ences are evident without any type of analysis.

Figure 5a shows the temperature dependence of the aver-
age relaxation time correspondmg toa Q value of 0.3 A~ for
both PEO and PEO in the blend also including the result
from the restricted fit. The restricted fit results apparently
show the same activation energy as pure PEO; the average
times are just shifted by a numerical factor. This finding
agrees perfectly with the results obtained when experimental
neutron (backscattering) data of PEO/PMMA for several
compositions are fitted by using a Rouse expression for
Fy(0.,1).% The relaxation times corresponding to the full
simulated relaxation function display significantly higher
activation energies. We note that this again agrees well with
experiments. If we take experimental data from neutron spin
echo, which covers a significantly larger time regime than the
backscattering data (z,,,,, of ~100 ns compared with ~1 ns), a
change of the activation energy from about 3300 to 6300 K is
found, which is in good agreement with the simulations.

Finally, Figure 5b presents the temperdture dependence of
the § parameter for the same QO = 0.3 A" in comparison
with the power law parameter, x, describing the time depen-
dence of the H-MSD as well as that of the center of mass. For
pure PEO, the validity of the Rouse model is demonstrated
(8 = 0.5and x = 0.5); for the center of mass, the simulations
for pure PEO give x values on the order of 0.85 in agreement
with experiment and simulations on other polymers.>*>> In
the case of the blend, the x parameter corresponding to the
center of mass of the PEO chains takes values close to those
of the homopolymer at high temperatures (low dynamic
asymmetry) and strongly decreases with temperature, re-
flecting the increase in dynamic asymmetry in the system.
For PEO/PMMA, f as well as the H-MSD exponent x
decrease in parallel, with decreasing temperature indicating
the approximate Gaussian behavior in the time regime where
p was evaluated.

B. Bead—Spring Asymmetric Model. The results described
in the previous section show that the large-scale dynamics of
nonentangled PEO in the PEO/PMMA blend deviates from
the Rouse behavior followed by pure PEO. These deviations
become stronger as soon as the temperature decreases, and
thereby the dynamic asymmetry between PEO and PMMA
increases. Now the emerging question is whether the results
obtained are particular for the PEO/PMMA system or
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generic results for dynamically asymmetric polymer blends.
To answer this question, we can compare the results corre-
sponding to PEO/PMMA with those obtained for general
models as, for instance, bead—spring models.?! These mini-
mal models aim to retain some of the basic ingredients of
chemically distinct systems to capture their relation to uni-
versal features observed in such systems. The explicit basic
ingredients exhibited by the bead—spring blend model de-
scribed in Section IIB and which are also present in the PEO/
PMMA system are a strong dynamic asymmetry and short
chain length (i.e., nonentangled chains). Previous simula-
tions®>*!' on this model have shown that for low monomer
concentrations (less than ~35%) of the B component, the
latter shows characteristic times, both for the structural a-
relaxation and for chain dynamics, that are several decades
faster than those for the A component. Therefore, the B
component of the bead—spring blend plays the role of the
PEO in the PEO/PMMA blends.

Figure 6a shows the monomer (bead) mean squared
displacement, MSD, at different temperatures for the fast
component B of the bead—spring polymer blend. The Rouse
time is indicated in the Figure for some temperatures. It is
noteworthy that the parameters of the bead—spring poten-
tial were chosen in such a way that the characteristic time
scale of this model, which is measured in units of opg(m/e)'/
(Section II) approximately matches the time scale in pico-
seconds of the atomistic simulations. The length unit ogp
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Figure 6. (a) Mean square displacement of the B component of the
bead—spring blend for temperatures between 0.4 and 1.5. The MSD of
the beads is shown as filled symbols. The MSD of the chain center of
mass (empty symbols) has been shifted by a factor of 1/100. The lines
show fits to power-laws with the corresponding exponents. (b) Non-
Gaussianity parameter for the B beads in the blend.

roughly corresponds to a typical Kuhn length in real systems
because the bead—spring chains have no internal barriers
and are fully flexible.

As can be seen in Figure 6a, the qualitative behavior of the
bead-MSD for the fast component B is similar to that
obtained for PEO in the PEO/PMMA blend. (See
Figure la.) In the time range between the microscopic
dynamics and the Rouse time, the bead-MSDs display a
power law increase < (1) > ~ r*, with x values ranging from
~0.6 at high temperature to ~0.4 at low temperature. These
values display a similar trend as those from the atomistic
simulations but are systematically higher. It is noteworthy
that the high-7 exponent, 0.6, for the B component in the
blend is the same observed at all temperatures (not shown) in
our simulations of the B homopolymer for this model, and in
general, for similar models of nonentangled homopoly-
mers.>® In the case of the MSD corresponding to the center
of mass of the chains, the behavior obtained is also qualita-
tively similar to that displayed by PEO in the blend. At high
temperatures, we recover the behavior corresponding to the
pure B component (x of the order of 0.9), and as the
temperature decreases (dynamic asymmetry between A and
B component increases), the value of x diminishes. However,
we note that the lower values of x obtained are higher than
those obtained in the case of the c.m. of PEO chains in the
blend. This is likely due to the differences in chain length and
also possibly to different quantitative values of dynamic
asymmetry between both systems. Because of the faster
dynamics of the c.m., we are able to observe in the bead
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MSD the crossover toward a diffusive-like regime at longer
times (¢ > 7R), although the statistics in this range are rather
poor. This regime is not observed in the case of atomistic
simulations, where simulation times are shorter (about one
decade) than in the case of the bead—spring simulations.

In Figure 6b, we show the behavior of the associated non-
Gaussianity parameter a,(7). In this case, because of the
simplicity of the model, a,(7) does not show the microscopic
peak that is observed in fully atomistic models at ~0.1 ps.
Apart from that, the behavior of o,(¢) is qualitatively rather
similar to that displayed by PEO in the blend. a,(7) develops
astrong peak in the intermediate time range with a maximum
value increasing as temperature decreases. This peak is
followed by a broad, almost flat, regime with a level also
increasing as the temperature decreases. However, it seems
that this plateau vanishes at longer times (except maybe for
the lowest temperature 7" = 0.4, note the poor statistics at
long times) where the crossover toward the diffusive regime
takes place. Obviously, this long-time behavior of o,(7)
cannot be observed in the case of PEO in PEO/PMMA
because that crossover does not occur in the simulated time.

Figure 7 shows the incoherent scattering function Fy(Q,t)
for the fast B component as a function of the temperature for
alow Q value (Q = 1.13) roughly equivalent to 0.3 A~ " in the
case of PEO. Again, we observe a similar behavior as in the
case of PEO in the blend. (See Figure 3a.). The stretching
of Fy(Q,?) increases as the temperature decreases and the
dynamic asymmetry increases. At high temperature, the
corresponding 3 parameter reaches values on the order of
those for the homopolymer case (see below), whereas at the
lowest temperature simulated, it takes a value on the order of
0.3 (same as PEO in the blend). Following the same proce-
dure as in the case of PEO, we have fitted F(Q,r) by KWW
functions. A summary of the results obtained for Q = 1.13 at
the different temperatures is shown in Figure 8, in compar-
ison with the corresponding results for the pure B compo-
nent. We observe the same qualitative trend with tempera-
ture as in the case of PEO in the blend. (See Figure 5b.)
Moreover, here the 5 values do not depend on Q in the low-Q
range and in the whole temperature range.

In conclusion, we can say that the results obtained for PEO
in the blend PEO/PMMA seem to be generic for asymmetric
polymer blends and that the deviations from Rouse-like
behavior are driven by the temperature dependence of the
dynamic asymmetry of the system. In the next section, the
dynamics of both PEO in the PEO/PMMA blend and the B
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component in the bead—spring blend will be directly ana-
lyzed in terms of the Rouse coordinates and Rouse mode
correlators.

V. Rouse Analysis of the Simulation Results

For the lower Rouse modes, the simulation results on an
equivalent 43 monomer pure PEO melt revealed an excellent
agreement with the predictions of the Rouse model.*' This
concerned: (1) the dependence of the mode relaxation time on
the mode index p: 7, ~ p~ % (2) the decrease in the mode
amplitudes with the mode index (X, 1,(0)2) ~ p 2, and (3) the
approximately single exponential line shape of the mode corre-
lators.

For higher p (larger than ~10), deviations from the predictions
of the Rouse model were systematically found for all of these
quantities: (i) 7, decays slightly stronger than p 2, (ii) the line
shape displays significant stretching (5 ~ 0.7), and (iii) the mode
amplitudes fall very significantly below the p~> law. From a
discussion in terms of the all rotational state (ARS) model, it was
concluded that the main reason for these deviations appears to be
a mode-dependent friction counteracting the stronger restoring
forces at high p.

To rationalize the changes that the PMMA matrix imposes on
the PEO dynamics, we performed a Rouse analysis on the present
simulation results, both the atomistic MD as well as those on the
coarse-grained bead spring model.

We commence with the fully atomistic MD simulations. To
calculate the Rouse modes from the fully atomistic simulations
melt, some coarse graining was performed in connecting several
atoms to create one bead. As for the case of the pure PEO, we take
the center of mass of one monomer as one bead creating 43 modes
(0 = p < 42; the simulated PEO consists of 43 monomers). First,
we test the precondition for a Rouse mode analysis, namely, the
question of whether the Rouse modes are still reasonable eigen-
modes of the “confined” PEO chains. Figure 9 presents the
results. Here we display the amplitudes of the normalized mode
correlators

/] X,(0)X,(0)
Dyt =0) = <|pr(0)|w>

for different temperatures. To give the full picture, we have plotted
them versus an x variable constructed as x = 42(p — 1) + ¢.
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Figure 9. Mode correlators @,,(0) normalized to the absolute values of
the normal coordinates. To show all correlations, the values on the x
axis are x = 42(p — 1) 4+ ¢. For p = ¢, the correlators are 1, and other
values should be significantly smaller in case of Rouse behavior. For
T = 300 and 350 K, large values are found for low values of ¢ and p.

For p = ¢, all correlators are equal to one by construction. For
temperatures 7 > 350 K, values below 0.1 are observed, and the
orthogonality of the Rouse modes is confirmed, as we have found
in the case of the pure PEO. For T = 350 and 300 K, significant
deviations are found for correlators with low indices of p and g.
(Values where p and g are < 10 are shown in full symbols at these
temperatures.) For 7 = 350 K, only very few points with ®,,(0)
> (.1 are found. At 300 K, about half of all values are >0.1.
They are mainly caused by bad statistical sets of the normal
coordinates where the spatial configurations exploited by the
chains at these low temperatures are very limited resulting in
“bad” normal modes.

Figure 10a displays the time-dependent Rouse mode correla-
tors @,,, for a selected set of mode numbers p at T = 400 K. The
data are fitted with a stretched exponential describing their decay
in all cases allowing quite a good description. Figure 10b com-
pares selected correlators with those from the pure PEO melt. To
facilitate this comparison, we have shifted the modes from
the Opure PEO by the ratio of the corresponding Rouse times

MMA 23 EO"— 6.8, such that the correlators for the first
mode dlsplay the same relaxation time. We note: (i) the first mode
of both systems displays a rather similar line shape; (ii) the higher
mode correlators for the blend are significantly more stretched
than those from pure PEO; and (iii) the spacing between the mode
relaxation times 7,-~/"™ MA appears to be significantly larger
than that for the pure melt. Because of this phenomenon, in
Figure 10D, the higher modes in the blend appear to decay faster
than those in the pure case. Figure 10c presents the temperature
dependence of the mode p = 5 in the blend including a fit with a
stretched exponential. For each case, the stretching parameter is
indicated. With increasing temperature, we observe a strong
decrease in the relaxation time, which is accompanied by a
systematically reduced stretching.

Figure 11a,b,c shows the dependence of the average relaxation
time (1) = TwI'(1 /ﬁ)/ﬁ the stretching parameter 3, and the mode
amplitudes (X,(0) %) 'in dependence of the wavelength of the
modes, N/p, and temperature. For some temperatures, the results
from the pure PEO melt are also included. Whereas for the lower
modes in the PEO melt, temperature-independent scaling (t) ~
p 2 is revealed (Figure 11a), a qualitatively different behavior is
found for the blend: with decreasing temperature, the power law
for the characteristic times displays an increasing exponent from
p*atT = 500K top >7at T = 350 K. For T = 300 K, the fit
of a power law was not possible because of the high statistical
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Figure 10. (a) Rouse mode correlators for PEO in the blend at 400 K,
forp =1,2,3,4,6,8, 11, 15,22, 30, and 40 with fits (lines) of stretched
exponential functions. (b) Rouse mode correlators at 400 K forp = 1,3,
S, and 7. The empty symbols are data for the PEO-homopolymer that
have been shifted by the ratio of the Rouse times of the PEO-homo-
polymer and of PEO in the blend. (c) Rouse mode correlators for PEO
in the blend (p = 5) at different temperatures with KWW fits (lines).

errors of the Rouse times. The corresponding relaxation times of
the stretched exponential functions exceed the windows of the
simulation (100 ns) by far. Toward higher mode numbers, the
difference between the blend and the pure melt diminishes; for the
highest p, basically identical values appear. PMMA is not
significantly disturbing the PEO segmental motion very locally
for wavelengths in the order of the bead size. Figure 11b also
shows the stretching parameter as a function of N/p and tem-
perature: (1) As in the pure melt (data included for 7' = 350 K),
the blend data show a systematic decrease in 5 with increasing
mode number. (2) Whereas for the melt this behavior does not
depend on temperature, for the blend, the stretching parameter
decreases strongly with decreasing temperature. However, it
seems that the general dependence on the mode number is
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Figure 11. (a) Full symbols: average Rouse times <7,> as obtained
from KWW fits for 7= 300, 350, 400, and 500 K for PEO in the blend.
Also included are data for the PEO-homopolymer at 77 = 350 and
400 K (empty symbols). Values for 7= 400 and 500 K have been shifted
by a factor of 0.1 and 0.001 for clarity. The Rouse times for the modes
p = 1—4 have been removed for 7' = 300 K because they significantly
exceeded the total simulations length. (b) Stretching parameter f at
different temperatures, as obtained from KWW fits of the Rouse
correlators. Empty and full symbols are data for, respectively, pure
PEO and PEO in the blend. (¢) Rouse amplitudes <X, ,,2(0) > for all
temperatures of PEO in the blend and in the homopolymer. The results
of the homopolymer (empty symbols) are hidden by the full symbols of
the blend. No differences are found.

maintained. For lower modes, the stretching is always less
pronounced than for higher modes. (3) Although the average
relaxation times for the blend and the melt approach each other
for high p, the stretching for the blend is significantly stronger,
revealing a significant influence of the PMMA matrix also at
short wavelengths. (4) With the exception of the 500 K simula-
tion, the decay of the correlators for the lowest modes in the blend
is not sufficient to reveal accurate 8 values. (5) Even at 500 K,
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Figure 12. Mode correlators @,,,(0) normalized to the absolute values
of the normal coordinates for the B component in the bead spring
model. Values on the x axis are x = 20(p — 1) + ¢.

where the blend H-MSD nearly follows a > power law, the
mode stretching at intermediate p is still significantly strong in
comparison with that of the pure PEO melt. This suggests that
even at this temperature, the PMMA matrix still has some
influence on the PEO dynamics.

Finally, Figure 1lc displays the mode amplitudes. We are
confronted with an interesting result: for all temperatures, even
where the PEO dynamics is significantly altered, we observe almost
identical mode amplitudes as in the pure melt. Because the mode
amplitude is directly related to the restoring forces for a given
mode, we are led to the conclusion that the PMMA matrix is
basically acting through increased friction, whereas it does not
modify the acting forces in a noticeable way. Figure 11c also shows
that the amplitudes of the Rouse correlators (chain static proper-
ties) follow the mode number scaling (p ) expected from Gauss-
ian statistics on the larger length scales (N/p > 5). Obviously, on
short length scales, our chains cannot be ideal because of the local
potentials, in particular, the angular potential. This is shown by the
deviations from the Rouse scaling. (See Figure 11c). The approach
to coarse-grain one monomer as one single bead already implies
these deviations for the higher modes. These results obtained from
the Rouse analzysis are in agreement with the values close to 6 for
the ratio < Ree™>/< Rg2 > (representative of larger scales), which
were independently calculated from the simulation results
(Table 1) and commented on in Section IIA. As soon as the
temperature decreases and the dynamic asymmetry increases,
however, the chain conformation of PEO slightly deviates from
Gaussian statistics. For the lowest temperature, a ratio of 7.1 is
found, hinting at stretched PEO chains. Recent results by small-
angle neutron scattering in PEO/PMMA seem to confirm this
trend [D. Schwahn, private communication].

Concerning the bead—spring polymer blend here considered,
we have followed a similar analysis in terms of Rouse correlators
as that carried out for PEO/PMMA simulations. For the case of
the B component in the bead—spring blend, which has no
intramolecular barriers leading to local stiffness, the assumption
of Gaussianity is expected to be a good approximation, except for
very local length scales. (See below.) In Figure 12, we present the
corresponding values of |®,,,(t = 0)| for the B component. (Now
we do not distinguish between low and high modes in the
representation). Similarly to the MD simulations, the x axis is
chosen to present all correlations; this time, only modes 1—20 are
available because the chain contains 21 beads. Almost all of the
off-diagonal terms are <0.1, and essentially all Rouse modes can
be considered to be “good” normal modes.
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Figure 13 summarizes the results obtained focusing on the fast
component B, equivalent to PEO in the atomistic system.
Figure 13a shows the wavelength N/p dependence of the average
relaxation time <7,> at the different temperatures simulated.
We observe the same behavior as that shown in Figure 11a for
PEO in the blend. For the low modes, we obtain 7, ~ p~* with x,
values depending on temperature and ranging from ~2.2 at high
temperature (as in the case of pure B component for all
temperatures) to ~3.5 at the lowest temperature simulated.
Figure 13b displays the stretching parameter 3 also as a function
of N/p for three representative temperatures covering the full
range investigated. Again, we note that the f values strongly
depend on temperature for the fast B component in the blend.
The nonexponentiality of the Rouse correlators in this case
dramatically increases as the temperature decreases. Figure 13b
also shows that this is not the case for the pure B homopolymer.
Asin the case of pure PEO, the 8 values corresponding to low and
high temperatures nicely overlap within the data scattering. We
note that the 8 values corresponding to the pure B homopolymer
also match the values of the B component in the blend at high
temperature. Finally, the amplitudes of the different Rouse
modes are represented in Figure 13c¢ for both the pure B
homopolymer and the Bcomponent in the blend and for different
temperatures. As for PEO, we observe identical amplitudes in
both situations. Finally, only the behavior in the high mode
number range is different for PEO and B. This is obviously due to
the fact that the bead—spring model does not incorporate local
potentials that are the responsible for the behavior displayed by
PEO in this range. It is worthy of remark that similar results were
previously reported®! for simulations of bead—spring models of
asymmetric polymer blends of different chain-lengths, always in
the range of nonentangled systems.

We can conclude that also in terms of detailed Rouse analysis,
the results obtained for PEO in PEO/PMMA blend are rather
generic for asymmetric polymer blends.

VI. Discussion

The Rouse model neglects spatial and time correlations of the
stochastic forces, that is

(fa(n, 1)fp(m,0)) = 2k TCy Omm Oup O(1)

This approximation yields orthogonality and exponential
relaxation of the Rouse correlators. Orthogonality is a conse-
quence of the uncorrelation between the forces at different
positions and exponentiality of the uncorrelation of the forces
at different times. In fact, orthogonality and exponentiality of the
Rouse correlators are the two main ingredients of the Rouse
model and the basis for the predictions for chain dynamics.

The results reported here for PEO in PEO/PMMA blend and,
in general, for the fast component in dynamically asymmetric
polymer blends®', show that even though orthogonality can be
considered as a reasonable approximation, the shape of the
Rouse correlators strongly deviates from exponentiality. This is
evidence that the assumption of time uncorrelation of the
stochastic forces breaks down for the fast component, in parti-
cular, as the temperature decreases, and thereby the dynamic
asymmetry between the two components of the blend increases.
This dynamic asymmetry implies that the chains of the fast
component are moving in a matrix where the density fluctuations
are relaxing with a characteristic time, which increases as tem-
perature decreases and may reach infinity at the slow component
T,. As has been described in Section III, several theoretical
approaches based on projector operator techniques incorporate
density fluctuations around the tagged chain within a memory
kernel in a generalized Langevin equation (GLE).*** Slow
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Figure 13. (a) Rouse times <7,> for the B component in the bead—
spring model at all temperatures. As the temperature decreases, the
exponent changes similarly to the simulations on PEO/PMMA. (b)
values at different temperatures, as obtained from KWW fits on the
time-dependent Rouse correlators. Empty and filled symbols are data
for, respectively, the B homopolymer and B in the blend. (c) Rouse
amplitudes for different temperatures of the bead spring model. All
points fall on top each other, as was observed for the simulations on
PEO/PMMA (Figure 11c).

relaxation of the memory kernel induces nonexponential beha-
vior of the Rouse modes in qualitative agreement with the results
reported here. The Rouse model (pure exponential behavior) is
recovered as a particular case for which density fluctuations
around the tagged chain relax on a microscopic time scale. In
asymmetric polymer blends, this situation will be reached in the
limit of high temperature where the dynamic asymmetry of both
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Figure 14. Temperature dependence of the exponent, x,, which is
obtained from fits of power laws to the Rouse times <7,>. As the
temperature decreases, a crossover from 2.0 (Rouse model) to higher
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bead—spring model (full symbols).

blend components vanishes. This nicely explains why at high
temperature the dynamics of the fast component approaches that
corresponding to the pure component, that is, the Rouse beha-
vior characteristic of a nonentangled polymer.

Such GLE models were developed to describe the effect of
increasing molecular weight (chain-length) on chain dynamics,
that is, for the crossover between nonentangled Rouse dynamics
to well-entangled chain dynamics. These methods through ap-
proximations of the memory kernel within the so-called renor-
malization Rouse models (Section III), predict for 7,,, other than
pure reptation, where a second N°/p* regime appears, a crossover
from (N/p)* toward an (N/p)»=*> dependence by increasing the
chain length. Such a crossover has been observed in simulations
of entangled homopolymers.** 3> As was pointed in ref 31, a
similar crossover is induced for the fast (nonentangled) compo-
nent in asymmetric polymer blends by increasing the dynamic
asymmetry, that is, by decreasing temperature. Figure 14 nicely
shows an example of such a crossover for the studied bead—
spring system. The Figure also shows that when the data of x, are
represented on a normalized temperature scale, the PEO in PEO/
PMMA data also follow a similar trend as the fast B component
in the bead—spring blend model, although the temperature
dependence is much steeper. The GLE methods also predict a
concomitant crossover for the mean squared displacement beha-
vior </(1)> ~ ¢*. The x-parameter crossing over from ~0.5 to
~0.3 has been demonstrated in Figure 1. However, as has also
been mentioned in Section III, the precise values of the exponents
(x, x,, ) depend on the approximations made for the memory
kernel (the so-called renormalization procedure).

The results for the two systems investigated here clearly show
that the amplitudes of the Rouse modes for the fast component in
the blend remain the same as for the pure components; that is, the
restoring forces are not affected by the matrix at any temperature.
From a qualitative point of view, this result suggests the picture of
a time-dependent friction affecting the fast-component mono-
mers. Moreover, as temperature decreases and the matrix is
becoming more and more frozen, we should also expect the
development of strong spatial heterogeneities, which eventually
would produce additional distributions of the friction coefficient.
We could expect that the influence of these heterogeneities on the
chain dynamics would be stronger in the low temperature limit,
where the density fluctuations of the matrix (slow-component)
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Figure 15. <7,> as calculated using the random Rouse model (log-
normal distribution of friction coefficients) for an increasing distribu-
tion width, Az. The exponent x, increases from 2.0 to higher values,
and the Rouse time is shifted several orders of magnitudes to higher
values.

are just frozen. The random Rouse model introduced in Section
III is in fact based on the idea of a distribution of friction
coefficients due to these heterogeneities for the case of slowly
fluctuating or frozen density fluctuations of the slow matrix. As
displayed in Section III, the model has the advantage that it
provides semianalytic solutions, allowing an explicit calculation
of the structure factor. The random Rouse model was introduced
for describing the single-chain dynamic structure factor of PEO
measured by neutron spin echo (NSE) techniques on PEO/
PMMA blends of different compositions. In that case and
because of the high molecular weight of both components, the
time scale of the density fluctuations of PMMA matrix was
several orders of magnitude slower than PEO dynamics in the
range investigated. Under these conditions, the random Rouse
model showed to be a reasonable approximation for describing
the chain dynamics of PEO in the blends. Now we can try to see
whether the random Rouse model is able to reproduce the low-p
asymptotic p-dependence of 7, found in both bead—spring and
PEO-PMMA simulations.

For that purpose, we need to calculate 7, in the framework of
the random Rouse model with some distribution of the friction
coefficients. By analogy to the procedure followed to analyze the
above-mentioned experimental data, we choose log-normal dis-
tributions of the following form

f(&.5.0) _(In(9) ~ In(&)) }

1
= ex
tov2m P [ 202

The width parameter ¢ was varied, and &, was kept constant.
On the order of 1000 chains were considered in the calculations.
Random frictions sampled from the corresponding distribution
were associated with beads of these chains, and 7, was calculated
and averaged (43 monomers were assumed as in the MD-
simulations of PEO/PMMA). The results for different values of
At = /20 (ranging from 0 to 5 in steps of 0.5) are shown in
Figure 15. For low values of Ar, 7, follows the typical P2
behavior with deviations at high p values because of the finite
chain size. As the width of the friction distribution increases (the
average friction was kept constant), lower modes experience a
strong increase in relaxation times. Single beads with large
friction coefficients slow down the movement of the whole chain
and therefore slow down the low modes. Higher modes are not
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Figure 16. Change of the exponent, x,, with the distribution width, Az,
as obtained from the random Rouse model.

strongly affected by these immobilized beads, agreeing with the
findings in the simulations. Under these conditions, the N/p
dependence of 7, shows a bending to low values as N/p decreases.
Fitting a power law to the asymptotic low-p (high N/p) range is
possible and provides the changes of the exponent in 7, o< p~ ™ and
facilitates a comparison of these exponents with those obtained
from the MD simulations. Figure 16 shows the dependence of x,,
with the width of the distribution. For low distribution-widths,
exponents close to 2 are obtained, as expected for systems with
about constant friction. As the width increases, the exponent
increases as well, reaching an asymptotic value of ~2.6. There-
fore, qualitatively, the random Rouse model would also be able
to reproduce the changes of x, as the temperature decreases
by assuming a temperature-dependent distribution of friction
coefficients. The maximum values of x, that can be obtained (on
the order of 2.6) are close to those obtained in the PEO/PMMA
system at 7 = 350 K and slightly lower than those for the
bead—spring simulations (~3.0). The exact values strongly de-
pend on the p range that is used for the fitting of the power law.
However, for comparable values of x, the corresponding shift of
the relaxation times at low p values is much larger than that found
in the simulations. For instance, at 350 K, the Rouse time 7 of
PEO in the PEO/PMMA simulations shifts from ~30 ns in the
homopolymer to 1700 ns in the blend, a factor of 55. To produce
the same power law exponent x,, using the random Rouse model,
the width of the friction distribution needs to be very large, 0 ~ 5.
Then, the random Rouse model predicts a shift of the longest
relaxation time by a factor of about 10000, much beyond the
simulation results.

The reason for this discrepancy is that the random Rouse
model assigns constant friction coefficients to each bead, which
do not change with time. A chain is severely slowed down by
beads with very high frictions. In the MD simulations, it is evident
that the local environment fluctuates, and beads that are im-
mobilized with high friction at one point in the simulation could
be released from their blocked position after the environment has
relaxed and then are allowed to move. This process, which is
nicely captured by the models based on memory function
formalisms, is not possible in the random Rouse model. Having
noted this, the above-mentioned shift predicted by the random
Rouse model is in good agreement with the findings of Haley
and Lodge,*” who find a corresponding shift of the diffusion
coefficient for extreme dilution of PEO in a glassy matrix of
PMMA. This result suggests that the random Rouse model can
be a reasonable description for mobile chains in a nonrelaxing
matrix.
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VII. Conclusions

Chain dynamics of unentangled PEO in dynamically asym-
metric PEO/PMMA blends strongly deviate from the Rouse
behavior observed in pure PEO melts of similar molecular weight.
These deviations are evident not only in the low-Q behavior of the
intermediate scattering function and MSD but also directly in the
evolution of Rouse correlators.

The behavior of PEO in PEO/PMMA is similar to that
observed in general bead—spring models of asymmetric polymer
blends, thereby indicating that these are generic features of
dynamically asymmetric blends and not particular for the PEO/
PMMA system.

The deviations from the Rouse model are driven by the
dynamic asymmetry — different mobility of both components
in the blend — of the system. Such deviations are stronger as
temperature decreases and thereby the dynamic asymmetry
increases.

The generic features summarized above can be understood in
terms of GLE models which, although developed for a different
problem, namely, the effect of increasing molecular weight on the
chain dynamics, seem to be well-suited for describing the effect of
slow density fluctuations of the matrix component of the blend on
the chain dynamics of the unentangled fast component.

The random Rouse model appears to be a reasonable descrip-
tion of the system but is not fully applicable to the results of the
presented simulations because it only describes the limiting case
of extreme dynamic asymmetry, that is, mobile chains in a
nonrelaxing matrix.
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