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We present neutron spin echo and structural measurements on a perdeutereted miscible polymer blend:
poly�ethylene oxide��PEO�/poly�methyl methacrylate��PMMA�, characterized by a large difference in compo-
nent glass transition temperatures and minimal interactions. The measurements cover the q range 0.35 to
1.66 Å−1 and the temperature range Tg−75 to Tg+89 K, where Tg is the blend glass transition. The spectra,
obtained directly in the time domain, are very broad with stretching parameters ��0.30. The relaxation times
vary considerably over the spatial range considered however at none of the q values do we see two distinct
relaxation times. At small spatial scales relaxations are still detectable at temperatures far below Tg. The
temperature dependence of these relaxation times strongly resembles the �-relaxation process observed in pure
PMMA.
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I. INTRODUCTION

Many materials do not crystallize and thus form an amor-
phous phase below their glass transition temperature Tg. Be-
low this temperature, motion is greatly reduced and proper-
ties are dramatically altered. Two main classes of motion
have been identified in amorphous systems. The primary or
�-relaxation time becomes exceedingly long below the glass-
transition temperature. In contrast, the � relaxation �also
known as the Johari-Goldstein process or secondary relax-
ation� is active both above and below Tg. It follows an
Arrhenius temperature dependence with no obvious change
as Tg is crossed. Both processes coalesce in a temperature
range 10–20 % above Tg with a single, merged relaxation
observed at higher temperatures �1,2�. The dynamic pro-
cesses of glass forming systems have been widely investi-
gated using a variety of techniques including NMR �3,4�,
dielectric spectroscopy �5�, and light �6�, and neutron scat-
tering �7,8�.

Polymeric materials also form glasses, exhibiting the
same general behavior described above. These motions are
typically associated with segmental �� relaxation� or local-
ized �� relaxation� processes. Whole chain motions, such as
Rouse motion or reptation, also contribute to polymer dy-
namics, making the spectrum of dynamic processes in poly-
mers very broad. Time-temperature superposition �tTS� is of-
ten used to extend the time scale of a polymer dynamics
experiment by taking measurements at a series of tempera-

tures. The premise of this principle is that lowering tempera-
ture has the same effect as extending to longer measurement
times. tTS is often used with rheological data �9� but has also
been applied to quasielastic neutron scattering data �10� us-
ing the shift factors obtained from rheology. The physical
implication of shifting neutron data successfully with me-
chanical shift factors is that the processes probed by the two
methods have the same temperature dependence, despite the
fact that they probe very different time and spatial scales.
The changes in motion that occur on blending of two poly-
mers have been the focus of many investigations. Although
one might expect a single dynamic response in a miscible
mixture, studies show that two distinct � relaxations can be
observed in miscible blends, usually when the Tg-s of the
pure components are well separated �11–16�. At a fixed tem-
perature, the usual observation is that the relaxation times
will move closer to each other, i.e., the fast component is
slowed and the slow component is accelerated. This is a
consequence of the fact that the blend Tg will be intermediate
between the Tg-s of the constituent components. The mea-
surement temperature is closer to the blend Tg than the Tg of
the fast component, and thus its motion is slowed in the
blend. Similarly, the slow component is further from the
blend Tg than its pure Tg, resulting in faster motion. � relax-
ations in miscible blends are typically broadened compared
to the pure component response, which indicates that the
range of dynamic time scales broadens on blending. One
result of this is that time-temperature superposition �tTS� of-
ten fails in blends because the broadening increases as tem-
perature is lowered.

In contrast to the � process, available data suggest that the
� process is intramolecular and less affected by blending*Email address: farago@ill.fr
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�13�. Dielectric spectroscopy shows that neither the position
nor the shape of the loss peak characteristic of the � relax-
ation of Poly Vinyl Methyl-Ether �PVME� is modified by
blending with Polystyrene �PS� �13�, whereas the � relax-
ation broadens considerably �17–21�. Also from quasielastic
neutron scattering �22� it was found that the methyl group
rotation of poly�vinyl methyl ether� is hardly sensitive to
blending with polystyrene. All of this indicates the � relax-
ation is less affected by blending than the � relaxation. Most
theories of dynamics in miscible blends are based on the idea
that within a certain �small� volume surrounding a given seg-
ment, there is a local composition that is different than the
bulk composition. This results in distinct dynamic behavior
for each component, and a broadened � process
�12,21,23–26�.

II. LITERATURE ON DYNAMICS OF PEO/PMMA
BLENDS

We investigate mixtures of poly�ethylene oxide� �PEO,
Tg�221 K� and poly�methyl methacrylate� �PMMA, Tg
�402 K�. This blend is characterized by large Tg contrast
��Tg�181 K� and minimal interactions �27�–the Flory � pa-
rameter is nearly zero. A variety of techniques have been
employed to study the dynamics of this blend, including di-
electric spectroscopy �28�, NMR �29�, and mechanical spec-
troscopy �9�. The two components retain their individual
characters in the blend, as suggested by deuterium-NMR
measurements �29� and the failure of tTS in oscillatory shear
measurements �9�. Dielectric spectroscopy on blends with
PEO contents up to 25 wt % shows that the merged �� re-
laxation process of PMMA becomes faster with the addition
of PEO, the low-Tg component �30�. This study also suggests
that PEO motion is cooperative with the main chain of
PMMA. In contrast, NMR on d4PEO/PMMA blends with
PEO contents of 3–30 % has observed PEO motion that is up
to 12 orders of magnitude faster than PMMA motion at the
blend Tg, and depends only weakly on composition �29�,
suggesting the motion of PEO is not coupled to that of
PMMA. These authors ascribe their observations to the lack
of side groups in PEO allowing it to move freely on the
segmental level, despite being surrounded by nearly immo-
bile PMMA chains. Another explanation is provided by Ref.
�12�. Concentration fluctuations �which should be important
in this blend due to its small � parameter� temporarily create
regions rich in PEO, which allow a fraction of the PEO to
relax unhindered by PMMA. Another fraction of the PEO
would be expected to relax more slowly, consistent with the
mean blend composition, leading to a bimodal distribution of
relaxation times, as is sometimes observed for the low-Tg
component in miscible blends �12�.

Using oscillatory shear rheometry �9,24�, Colby studied
the temperature dependence of the terminal relaxation times
for both components in blends with 20 and 30 wt % PEO. At
any given temperature, the two relaxation times are shifted
toward each other in the blend, but if considered at constant
T−Tg, PMMA �the slow component� is less mobile in the
blend. The PEO relaxes slightly faster, although the differ-
ence is small and could be interpreted as no change in mo-

bility when blended. These results were obtained in the range
Tg+40 to Tg+100 K. The data cannot be superposed and this
is attributed to the separate friction factors for each compo-
nent. Zawada et al. �24� used simultaneous measurements of
infrared dichroism and birefringence to monitor the dynamic
response of this blend with PEO contents ranging from 40 to
80%. In this composition range, PEO dynamics are slowed
considerably at constant T−Tg, while the change in PMMA
dynamics is smaller and non-monotonic in composition.
These data, taken with the oscillatory shear data, present a
complicated composition dependence of terminal dynamics
in this blend.

The dynamic behavior of both pure components has also
been investigated. Results from broadband dielectric spec-
troscopy are able to discern both the � and � relaxations of
pure PMMA around Tg �28�. Near Tg the �-relaxation time
changes very rapidly with temperature and the �-relaxation
time follows an Arrhenius temperature dependence with an
activation energy of Ea=79 kJ/mol. The � relaxation of pure
PMMA has been attributed to hindered rotation of the car-
boxyl side group around the bond that links it to the main
chain �28�. Pure PEO has been investigated using quasielas-
tic neutron scattering �31–33�. However these studies were
concentrating on PEO/alkali complexes and all measure-
ments were done above the melting temperature of PEO,
which occurs near Tg+120 K.

Quasielastic neutron scattering provides temporal and
spatial information by following both the energy �time� and
momentum �spatial� changes of the neutrons interacting with
the sample. Potentially it offers the possibility to follow the
motions from local to mesoscopic scales as well as to iden-
tify the moving part. Two types of experiments are possible:
incoherent, which measures self-motion, and coherent, which
measures the collective relaxation �relative motion�. In the
first case some molecules or parts of the molecules are la-
beled with hydrogen while the others are synthesized with
deuterium. The high incoherent scattering of the hydrogen
usually dominates at large wave vectors, thus allowing the
observation of the self motion of the labeled part. When
some polymer chains are hydrogen labeled in a matrix of
deuterated chains, in addition there is a strong coherent scat-
tering at small wave vectors arising from the contrast be-
tween the coherent scattering length densities of the proto-
nated and deuterated chains. Finally when all the chains are
deuterated one observes the collective relaxation at large
wave vectors. The self-motion of PMMA in the PEO/PMMA
blend has been studied very recently �34�. This work shows
that the main effect of blending on the dynamics of PMMA
is a shift of Tg. When this difference is taken into account the
relaxation curves collapse on a single master curve. Incoher-
ent scattering is not well suited for neutron spin-echo �NSE�
partly because of the weak intensity, but more importantly
the −1/3 polarization of the hydrogen incoherent scattering
is very unfavorable for the signal-to-noise ratio. The current
work presents results on the collective relaxation �coherent
scattering� obtained from NSE measurements. As we will
show in the following the contribution from the two poly-
mers to the scattered intensity varies as a function of q thus
from the wave-vector dependence of the relaxation we ex-
pected to observe whether the two components show distinct
relaxation times or not.
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The NSE technique has been applied to several single
component polymers at large q: polybutadiene �2,10�, poly-
isobutylene �10,35–37�, and polypropylene �38�. Relaxation
times for polybutadiene at the first �interchain� and second
�intrachain� peaks in the static structure factor show tempera-
ture dependences that can be associated with the � and �
processes, respectively. This is further evidenced by the suc-
cess of tTS �using shift factors from mechanical data� at the
interchain peak, and failure at the intramolecular peak. These
results support the idea that at the interchain peak, NSE
probes essentially the high frequency tail of the � process,
while some other, more local processes start to contribute at
higher q, such as at the intrachain peak. Only measuring the
collective relaxation �coherent scattering� permitted to link
the fundamental change in dynamics to the type of correla-
tion �inter-, intra-chain�. One study �15� has investigated
polymer blend dynamics in the Polyisoprene/
Poly�vinylethylene� �PI/PVE� system far above Tg. The NSE
measurements focused on chain motion at small wave vec-
tors, and were converted to incoherent relaxation times using
the Rouse model for comparison to backscattering measure-
ments. The results showed that at temperatures far above the
blend Tg, the component relaxation times coincide at length
scales greater than 31 Å, and differ at length scales of 14 Å
and less �15�.

In the current study, we focus on the large q range, similar
to that of the inter- and intra-chain peaks in S�q�, as in the
pure component studies discussed above. The PEO/PMMA
blends we measured had 0, 10, 20, and 30 wt % PEO and
were investigated from 273–414 K �below and above the
blend Tg� and in the q range 0.35 to 1.66 Å−1. The q range
covers the structure factor peaks of both PEO and PMMA,
and is in the region where distinct component mobilities are
expected �15�.

III. EXPERIMENT

A. Materials and sample preparation

Perdeuterated PEO/PMMA blends and perdeuterated pure
PMMA were used for the experiments. Both components
were prepared by anionic polymerization and thus have nar-
row molecular weight distributions and yield 80% syndiotac-
tic PMMA. The dPEO was obtained from Polymer Labora-
tories �Amherst Fields Research Park, 160 Old Farm Road,
Amherst, MA, 01002�. PMMA was prepared as follows. The
deuterated MMA �Aldrich� was distilled under reduced pres-
sure from both calcium hydride and triethylaluminum to en-
sure complete removal of protic impurities. The purified
monomer was added to a reactor containing tetrahydrofuran
�THF� at −78°C and diphenylhexyllithium as an initiator.
The monomer was added drop wise to minimize exotherms

which would lead to premature termination. The polymeriza-
tion was allowed to proceed for 20 min at −78°C after com-
plete addition of the MMA monomer. The polymerization
was terminated with the addition of acidic methanol. The
THF solution �approximately 10% polymer by weight� was
precipitated in excess petroleum ether and upon filtration, the
sample was dried for 18 h at 60 °C under reduced pressure.
The white fibrous product was obtained in greater than 95%
isolated yield. The weight-average molecular weights, deute-
rium level, polydispersity indices, and glass transition tem-
peratures for both components are given in Table I. Deute-
rium levels were assessed with proton NMR. Differential
scanning calorimetry �DSC� with heating and cooling rates
of 10 K/min was used to measure the glass transition tem-
peratures. The Tg for the 10, 20, and 30 wt % blend are 365,
348, and 326 K. Tg of pure PMMA is 402 K and Tg
=221 K for PEO. Polydispersity was assessed using size ex-
clusion chromatography. The blend samples were prepared
using the following procedure. The required amounts of PEO
and PMMA were calculated and each component was dis-
solved separately in acetone at 313 K with constant stirring
using a magnetic stirrer for 8 h. Once both polymers had
dissolved completely in the solvent, the solutions were
mixed and the mixture was stirred for an hour. This solution
was then transferred to a round-bottomed flask and dried in a
rotary evaporator at 313 K. The resulting mixture was further
dried in a vacuum oven at 423 K for three days to remove
any residual solvent. The sample was rapidly transferred to a
hot press maintained at 410 K and hot pressed for 4 h. Once
the sample had been pressed, the entire hot press assembly
was quenched in liquid nitrogen to prevent crystallization.
The resulting samples were transparent with single, albeit
broad glass transitions in �DSC�, indicating miscibility.

PEO is a semicrystalline polymer. Zawada et al. �24� re-
ported that Tm�338 K decreases to �330 K in a 50–50 %
blend. However form our experience in the blends where
Tg�Tm there is no problem of crystallization. With DSC by
keeping the sample at 25 °C for a long time we could not see
visible melting endotherm. So we can safely say that consid-
erably less than 1% of the PEO is crystalline but of course
there is no way to prove there is strictly zero crystallinity. We
can also mention that the neutron diffraction repeated several
months later did not show any change in the structure nei-
ther.

B. Methods

NSE measures the velocity change of incident and scat-
tered neutrons using the Larmor precession of the neutron
spin in an external magnetic field. Details of the method are
given elsewhere �39�. The directly measured quantity by the

TABLE I. Properties of samples.

Polymers Mw Polydispersity Deuterium level �%� Tg�K�

dPEO 550 000 �1.1 99.89 221

dPMMA 375 000 �1.2 99.54 402
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NSE technique is the normalized dynamic structure factor in
the time domain

S̃�q,t� =
I�q,t�
I�q,0�

=

�
ij

�bibjexp�iq� · r�ij�t��	

�
ij

�bibjexp�iq� · r�ij�0��	
, �1�

where r�ij�t�=r� j�t0+ t�−r�i�t0� and i and j indicate different
scattering centers. The strength of the neutron/nuclei interac-
tion is characterized by the scattering length bi. The averag-
ing � 	 is taken over the initial time t0 �thermal average of the
initial positions�. The momentum transfer q= 4�

	 sin� 

2

� �
:
scattering angle� is related to the spatial scale probed in the
experiment: r=2� /q.

The NSE experiments were performed at the NSE spec-
trometer IN11C �40� at the Institute Laue-Langevin �ILL� in
Grenoble, France. The wavelength of the incoming neutrons
was 	=5.76 Å with �	 /	=15% full width half maximum
�FWHM�. The instrumental resolution was measured on
amorphous quartz with a similar shape and size as the
sample as well as on the samples themselves by cooling
them down to 10 K where all relaxations can be safely sup-
posed to be frozen out. Data were taken with the double echo
configuration �41,42� between Fourier times of 0.008 and
1.48 ns with roughly equidistant steps on a logarithmic scale.
The 10–30 % PEO/PMMA blends were studied at six tem-
peratures: T=273, 313, 352, 371, 393, and 413 K while the
pure PMMA sample was measured only at 293 and 413 K.
IN11C is equipped with a multidetector bank covering a 30°
scattering angle in one position. Combining three detector
positions allowed gathering of data over a q range of 0.35 to
1.66 Å−1. At each position the 40 detectors were binned into
seven groups each covering about a 4.3 deg scattering angle.

The static structure factors S�q� for the blends and pure
PMMA were measured on the D20 diffractometer at the ILL
at room temperature. Since there are few protons present in
the samples, the scattering intensity for both structural and
dynamic experiments is dominated by coherent scattering. In
the static structure factor, this reveals preferred packing dis-
tances, and in NSE spectra collective motion between differ-
ent scattering centers is observed. The dynamic structure fac-
tor in Eq. �1� can be split into partial structure factors

I�q,t� = �
i�PMMA

j�PMMA

�bibjexp�iq� · r�ij�t��	

+ 2 �
i�PEO

j�PMMA

�bibjexp�iq� · r�ij�t��	

+ �
i�PEO

j�PEO

�bibjexp�iq� · r�ij�t��	 ,

I�q,t� = IPMMA−PMMA�q,t� + 2IPEO−PMMA�q,t� + IPEO−PEO�q,t� ,

�2�

where again r�ij�t�=r� j�t0+ t�−r�i�t0�. If one component �e.g.,
the PMMA� is immobile then the time average over t0 in the

first two contributions will yield S�q�PMMA−PMMA and
S�q�PEO−PMMA, and thus should show up as an elastic contri-
bution, while the third term should reflect the mobility of
PEO. This statement might look nontrivial for the cross term.
Indeed, for example, if i�PMMA then r�i�t0� will be inde-
pendent of t0. However when the position of the mobile atom
r� j�t0+ t� is averaged over t0 it will include all possible con-
figurations in space and thus there is no t dependence left. In
other words, taking the time average is the same as taking
the ensemble average, which must yield S�q�. On the other
hand we will observe a mixing of the relaxation times �from
the cross term� if both components are mobile in our time
window.

Our approach is very different from the one employed in
Ref. �15�. There hydrogen labeling was used to highlight one
or the other blend components for backscattering at high q
and the self-relaxation was measured. At low q NSE mea-
sured the single chain �coherent� dynamics of the labeled
component and the results were converted to the self-
relaxation times, to compare and extend the backscattering
data to lower q values. In our work we concentrate on the
coherent collective dynamics at high q and we expect to
identify the origin of the movement by examining the change
in the static structure factor upon blending at the same q
values.

IV. RESULTS

A. Structure

Shown in Fig. 1 is the coherent static structure factor S�q�
for perdeuterated pure PMMA and perdeuterated 10, 20, and
30 % dPEO/dPMMA blends at room temperature. As the
quantity of the samples in the beam was not identical, we
rescaled the scattered intensities to overlap in the
2.8–4.2 Å−1 range. These length scales �r�2.5 Å� corre-
spond to distances involving a few bond lengths and angles,
neither of which are expected to, and visibly do not, vary
significantly with blend composition. The sharp Bragg peaks
at 2.7, 3.1, and 4.39 Å−1 are due to the aluminum sample
holder. Pure dPMMA is characterized by a first peak at q
=0.9 Å−1, and two broad peaks at q=2.0 and 3.0 Å−1. The
locations of these peaks are consistent with the coherent
static structure factor observed by Moreno et al. �43� for

FIG. 1. Static structure factor of perdeuterated pure PMMA and
10, 20, and 30 % dPEO/ dPMMA blends.

FARAGO et al. PHYSICAL REVIEW E 72, 031809 �2005�

031809-4



PMMA with all hydrogens except those of the COOCH3
group substituted with deuterium. Thus most likely origin of
the first peak �q=0.9 Å−1� is intermolecular PMMA correla-
tions. The second broad peak at q=2.0 Å−1 is consistent with
intramolecular packing of the PMMA backbone segment and
the side group with which it is bonded. The fact that it is
broader than the first peak indicates a broader distribution of
atomic pair distances, and also that the side group samples a
number of different configurations with respect to the chain
backbone. Rotation of the COOCH3 side group around the
C-C bond linking the side group to the main chain has been
identified as the origin of the � relaxation in pure PMMA
�44�, and thus expected to stay active even below Tg.

We now consider the effect on packing when PEO is
added to pure PMMA. The intermolecular chain packing
peak in pure PEO occurs at q=1.4 Å−1, as assessed by neu-
tron diffraction �45�, and molecular dynamics simulation
�46�. The peak at 3.0 Å−1 does not change its shape or loca-
tion with PEO content, as is consistent with a specific in-
tramolecular atom pair separated by at most two bonds. The
peak at 0.9 Å−1 gradually decreases in height with PEO con-
tent. In the 1.2–1.8 Å−1 region we observe an increase of
intensity, though only for more than 10% PEO content. This
region roughly corresponds to the pure PEO chain packing
peak of 1.4 Å−1. On the other hand, in the 2.0–2.5 Å−1 re-
gion there is a sudden change when going from 0 to 10 %
PEO content and no more change after. We explain these
observations the following way. If we start adding PEO it

will be first distributed homogeneously in the PMMA matrix,
thus introducing more disorder for the PMMA-PMMA back-
bone correlations �q=0.9 Å−1� but the 10% quantity is not
yet sufficient to show significant PEO-PEO correlations
�1.2–1.8 Å−1�. The sudden change in the 2.0–2.5 Å−1 region
might indicate some preferential sites of the PEO chains rela-
tive to the PMMA, but these sites become fully occupied by
10% PEO. Addition of more PEO changes little the intensity
in this region while the PMMA interchain correlation dimin-
ishes and the PEO-PEO correlation at 1.2–1.8 Å−1 builds up.
If the PEO in the blend maintains the mobility of pure PEO,
based on the observations above we expect this to be the best
visible in the 1.2-1.8 Å−1 q range.

B. Dynamics

Examples of NSE spectra of different compositions and
temperatures at a selected high q are presented in Fig. 2.
Figure 3 shows a low q value where the pure PMMA and the
10% blend are practically elastic and the 20 and 30 % blends
show some decay on the borderline of what can be detected
in our time window. The curves in the figure are Kohlrausch-
Williams-Watts �KWW� or stretched exponential fits

S�q,t�
S�q,0�

= A�q�exp
− � t

�KWW�q�
�� , �3�

where �KWW�q� is the characteristic relaxation time, and � is
the stretching exponent, representing the deviation of the ob-

FIG. 2. Dynamic structure factor of perdeuterated dPEO/dPMMA blends 30% �a�, 20% �b�, 10% �c�, and pure dPMMA �d� at Q
=1.66 Å−1. Lines are the KWW fits with �=0.3.
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served relaxation process from a single exponential relax-
ation ��=1�. If the prefactor A�q��1, it means that there are
dynamic processes occurring at time scales shorter than our
experimental window but still in the bandpass of the instru-
ment. In the case of IN11C for our configuration this corre-
sponds to the energy band of 0.2–2.5 meV. This energy range
includes contributions from local vibrations, overdamped
phonons, and in some cases part of the so-called boson peak.

The relaxation processes we observe are very stretched at
all momentum transfers. For pure glasses where tTS applies,
usually one can superimpose several temperatures and from
such spectra, covering four to five decades in rescaled time,
one can determine the � exponent with good confidence. For
our PEO/PMMA blend, based on rheology, tTs cannot be
used because mechanical data cannot be superposed. Our
methodology in fitting the data to Eq. �3� is to first fit the
data with the most pronounced decay �high temperature, high
q spectra� with all three parameters floating. Such obtained �
values scatter around 0.2–0.4. What we can safely state is
that if Eq. �3� holds then 0.15���0.4. As no clear trend
emerged for an eventual q or T dependence of �, we took
fixed values of � between 0.15 and 0.4 by steps of 0.05 and
fitted all spectra with A�q� and �KWW�q� as fit parameters in
order to see how the global goodness of fit ��2� evolves. The
reason to work with a fixed � is that � and �KWW�q� are
strongly correlated in the fitting and a variable � could lead
to hidden artifacts. This evidently means that a fixed � can as
well introduce artifacts if in reality it is not constant. We

found that �2 decreases with decreasing �, however the de-
crease is not very significant. For the 30% sample, where the
decays are the most significant, �2 decreases from 1.6 at �
=0.4 to 1.3 at �=0.15. To make the best choice we have to
further scrutinize the q and temperature dependence of the
A�q� parameter. As mentioned above A�q� comes from
higher energy processes thus not only does it have to be less
than 1.0 but also with increasing temperature it can only
decrease or stay constant. These conditions are not always
met by the fit results for ��0.2. In the following we will
present the fit parameters obtained with a fixed median value
of �=0.3, but where it is important we will mention the
dependence on the choice of �. Many of our spectra show
only a small decay. To further reduce data scatter, we tried to
draw a smooth curve �third-order Chebyshev polynomial� on
the q dependence of the prefactor, which is not expected to
change rapidly, and refitted the decay times with these fixed
prefactors. Scatter was somewhat reduced, but within the cal-
culated error bars. In the following these decay times will be
presented and discussed. To place an upper limit on the re-
laxation times that can be extracted with reasonable confi-
dence from the data, we require that the spectra has decayed
at least 7% from its initial value. This is about the limit
where even with very good statistics instrumental systematic
errors start to play a role. Because of the small � exponent
�0.3�, this sets an upper limit of �KWW�q��10 000 ns on the
range of relaxation times that we can report as numerical
values. Spectra that have not decayed by at least 7% in our
time window may give indications of still having a relax-

FIG. 3. Dynamic structure factor of perdeuterated dPEO/dPMMA blends 30% �a�, 20% �b�, 10% �c�, and pure dPMMA �d� at Q
=0.42 Å−1. Lines are the KWW fits with �=0.3.
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ation, but the relaxation time cannot be reasonably estimated.
The superposition of the spectra, obtaining a more com-

plete decay curve, is performed by defining a shift factor

aT =
��T�
��T0�

. �4�

Here ��T� and ��T0� are the relaxation times at temperature T
and a reference temperature T0. In contrast to the treatment
of pure polymers �35�, we are not able to use shift factors
from mechanical measurements because mechanical data do
not superpose for this blend. Terminal relaxation times are
available for each of the blend components, however because
of the nature of the NSE experiment on perdeuterated blends
we are not yet sure which component is being observed.

Figure 4 shows the shift factors for the 30% blend. The
reference temperature is 412 K with fastest decay times.
Where we have the most reliable data �q0.8 Å−1� the shift
factors do not show significant q dependence. Error bars
stand for one sigma statistical error. For the two lowest tem-
peratures and for q�0.8 Å−1 there is more scatter on the
data and the errors are certainly underestimated. This is es-
sentially due to the small decay of the relaxation times thus
being on the borderline of the instrument resolution, where
instrumental systematic errors start to become very impor-
tant. In the following we will use only points from q
0.8 Å−1. Figure 5 shows the average of the shift factors
weighted by the errors bars.

If we suppose an Arrhenius type temperature dependence
of the relaxation times with activation energy EA

� = �0exp�EA

kT
� . �5�

Then the the shift factors in turn will become

aT = exp�−
EA

kT0
�exp�EA

kT
� . �6�

As shown in Fig. 5 the temperature dependence of the shift
factors is close to an activation energy description, though
there seems to be a small systematic deviation. Such an
Arrhenius behavior is suggestive of a � process, particularly
when one considers that the lowest temperature shift factors
are far below the blend Tg. Instead of taking the ratios of the
relaxation times as done in Fig. 4, we can directly fit Eq. �5�

for each q and take the average. This method yields similar
activation energies with better statistics. Furthermore we ob-
tain �0�q� which allow us to estimate the relaxation time for
any temperature and q within the validity of Eq. �5�. The
activation energies are 43±1, 47±1 kJ/mol for the 30, 20 %
blends, respectively. Within experimental accuracy the acti-
vation energy for the two blends can be considered to be the
same. Its value is between the 79 kJ/mol, which is the acti-
vation energy of the local � process for pure PMMA �28�
and 15 kJ/mol which is for PEO �47� as measured by dielec-
tric relaxation. The above-mentioned systematic deviations
could be viewed as a beginning of a cross over from the
PMMA activation energy at high temperature toward the
PEO activation energy at lower temperature. Such a shift
with temperature would be expected if the PMMA segments
become immobile within the time range of NSE at low T. As
the shift factors were determined from the high q region, that
is after the first correlation peak of the PMMA, it is not
surprising that here the � relaxation might dominate. Fur-
thermore from Fig. 1 we know that the relative contribution
of PEO is the highest for q1.0 Å−1 �up to 20% between
q=1.2 and 1.66 Å−1�, thus a change in the apparent activa-
tion energy is not surprising. Here we have to mention the
strong influence of the choice of the � exponent. Indeed the
calculated activation energy for the two �30 and 20 %�
blends become 32±1, 36±1 kJ/mol for �=0.4 and 66±1,
71±1 kJ/mol for �=0.2.

To check tTS, Eq. �4� can be used to shift the time scales
and the spectra has to be divided by the fitted A�q� prefactor
of Eq. �3�. Such scaled NSE spectra are shown in Fig. 6 for
momentum transfer q=1.66 Å−1 for the three blends. Time-
temperature superposition is reasonable at all momentum
transfers, even when extended to q�0.8 Å−1, although there
due to the small decay of the curves the test is not very

FIG. 4. Shift factors for the 30% blend. The reference tempera-
ture is T0=412 K.

FIG. 5. Average shift factors for the blends. For the 10% blend
only the three highest temperatures had measurable decay thus not
giving sufficient range in 1/T for a meaningful fit. Dashed lines
show activation energy fits. Solid line for comparison of the slope
of the PMMA �79.4 kJ/mol� activation energy and long dashed line
for PEO �15 kJ/mol� from Ref. �47�.
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stringent. It is important to keep in mind that the current
experiments probe only a little more than two decades in
time, whereas oscillatory shear measurements probe five, and
thus present a far more rigorous test of time-temperature su-
perposition. Also the two time windows are separated by
seven decades and NSE probes at local spatial scales. It is
conceivable that tTS holds for short time and small displace-
ment, even though tTS clearly fails on long time and length
scale.

C. Comparison of results with pure component data

Of interest when considering miscible blend dynamics is
the difference of each component from its pure state. Al-
though incoherent neutron scattering techniques can reveal
the motion of each component by selective deuterium label-
ing, in the present system, coherent scattering is measured on
perdeuterated polymers. As demonstrated by Eq. �2�, a mix-
ture of relaxation times is expected if the different compo-
nents have different characteristic relaxation times. An addi-
tional complicating factor is that even single component
polymers have strongly q-dependent collective relaxation
times �37�. To orient ourselves, we compare relaxation times

obtained from our NSE measurements to those obtained
from each pure component. We have measured the pure
PMMA up to 413 K and at all q values the spectra were
elastic in our time window with the exception of the two or
three highest q values and highest temperatures. For the rest
only the prefactor A�q� of Eq. �3� shows q and temperature
dependence but, as mentioned above, this reflects higher en-
ergy, probably local modes. For PEO, data are available at
Tg+127=348 K �31,32�. From the published experimental
values ��=0.012 ns and streching exponent �=0.73� we cal-
culate the expected NSE curve in our time window and com-
pare it to our blend results at the closest temperature of 352
K. This is shown in Fig. 7 as the dotted line, for the highest
q value �1.66 Å−1�. The pure PMMA is completely elastic in
this time window as shown by the S�q , t�=1 solid line. We
now consider if we can observe any fraction of the PEO that
behaves as the pure component. Even without fitting, it is
clear that the blend curves cannot be decomposed into a sum
of the pure components because the PMMA is too slow and
the PEO is too fast. Furthermore, none of the experimental
data �see, e.g., Fig. 6� show a partial fast decay. We have to
note also that the pure PEO is not fast enough to be outside
of our time window and contribute only to the prefactor
�A�q��1� term of Eq. �3�. This leads us to the conclusion
that within experimental accuracy, and in the probed q
�space� range, we cannot detect any fraction of the pure PEO
which would maintain the same mobility as the pure compo-
nent neither do we see two well-separated relaxations which
would correspond to the two components. On the other hand,
since none of the blend data decay completely within the
time window, we cannot exclude the possibility that a small
faction of the PMMA contributes some elastic scattering.
Nevertheless in Fig. 6 at q=1.66 Å−1 where the decays are
the most complete, there is no indication of such a tendency.

Another approach can be to consider the results at con-
stant T−Tg. In Fig. 8 we compare our results to literature
data on dielectric relaxation for the pure components �28,47�
NSE results for coherent scattering of PEO �32� and incoher-
ent QENS results on pure PMMA and the 20% blend �34�.
We have chosen to show the values at q=1.66 Å−1 for sev-
eral reasons. First we have the most confidence in our data at

FIG. 6. Rescaled data with the calculated shift factor aT of Eq.
�4� for the 30% �a�, 20% �b�, and 10% �c� blend at Q=1.66 Å−1 and
T0=352 K. For clarity only some error bars �one sigma� are shown.
Solid lines are the KWW fits Eq. �3� with A�q�=1.

FIG. 7. Calculated spectra for the pure components and fitted
curves for the blends at 1.66 Å−1 at T=352 K together with the
measured data. These latters are divided by the fitted A�q� prefactor
of Eq. �3�. Dashed and dashed-dotted lines are the fitted KWW
functions as in Fig. 2 but with a prefactor A�q�=1.
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high q because the relaxations are the most pronounced.
Here the relaxation times for coherent, incoherent neutron
scattering, and dielectric relaxations are very close to each
other on an absolute scale, thus comparison is easier. Even
the pure dPMMA at the two highest temperature T−Tg
=−12 and 8 K gave exploitable results. Finally the static
scattering data �Fig. 1� indicate that we have the most con-
tribution from the PEO at the highest q values. One more
caution has to be taken when comparing different data. As
mentioned already the values of the fitted relaxation times
are strongly correlated with the values of the � exponent in
Eq. �3�. To compensate for this effect we calculate the aver-
age relaxation times �Ref. �48�, Eq �4.4��

���q�	 =
�� 1

��
�

�KWW�q� . �7�

In Fig. 8 the thick horizontal line indicates the experimen-
tal upper confidence limit we set for the relaxation times,
upscaled by Eq. �7�. Plotting the average relaxation time as a

function of T−Tg brings them closer but there appears to
remain a systematic change by composition. Increasing PEO
content makes the relaxation faster than one would expect
only from the change of Tg. This is in contrast with the
finding of the self-relaxation of PMMA in the blend where
scaling with the change in Tg was found �34�. It is possible
that we are observing a mixing of relaxations times as shown
in Eq. �2�. We have to stress that we definitively do see
deviation from elastic scattering below Tg even for the pure
dPMMA sample, although close to resolution limit. The q
=1.66 Å−1 value is already beyond the first correlation peak
so it is not very surprising that the � relaxations start to
dominate. Such phenomena has been observed already for
polybutadiene �2�. The temperature dependence around Tg of
the relaxation times is very similar to the dielectric � relax-
ations independently whether we compare to PEO or
PMMA. We want to stress again, the fact that the absolute
values of the relaxations times are close to each other is to
some extent accidental. �See later in Fig. 9 the strong q de-
pendence.� Here our aim was to compare the temperature
dependences around Tg. If the � relaxation is becoming the
dominant than it is not surprising that the relaxation times do
not scale with T−Tg as � is not expected to be influenced by
blending.

Figure 9 shows the relaxation time at the highest tempera-
ture as a function of q for the three blends, together with the
static structure factors in the same q range. There is a modu-
lation of � roughly in phase with the static intensity. How-
ever relaxation times vary by more than two orders of mag-
nitude between 0.8 and 1.4 Å−1 and also by more than a
factor 10 between 0.4 and 0.8 Å−1, both are thus probably
too much to be accounted for by the well-known deGennes
narrowing �49� as the modulation in S�q� is at most a factor
two. Its applicability to amorph polymers to the best of our
knowledge is not a solved problem. Using the ansatz of
Skold �50�, qualitative agreement was found in the case of a
homopolymer �37�. The extension to blends would need at
least the knowledge of the incoherent relaxation times and
most likely some theoretical framework.

For completeness in Fig. 10 we show the q, temperature,
and composition dependence of the prefactor A�q� of Eq. �3�.
As has been found in many glassy systems it is also modu-
lated in phase with the static structure factor. The element in
this figure is that with increasing PEO content it becomes

FIG. 8. Comparison of relaxation times of the blends from NSE
�at q=1.66 Å−1� with PMMA and PEOdynamics. QENS data for
PEO are from Ref. �32�, dielectric data for PEO from Ref. �47�, for
PMMA � and � relaxations from Ref. �28�, and PMMA self-
correlation �incoherent scattering� for pure PMMA and PEO-
PMMA from Ref. �34�. Only some error bars are shown.

FIG. 9. Relaxation times at 413 K and static structure factors of
the pure PMMA and the three blends. Missing points in the
0.8 Å−1�q�1 Å−1 for the 10% blend gave relaxation times
10 000 ns �not shown�.
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smaller. The effect of blending thus is not only changing the
relaxation times but also increasing the density of states in
the 0.2–2.5 meV �and possibly higher� energy range, which
is usually attributed to local motions. Again at least two sce-
narios can be imagined. Either the presence of PEO facili-
tates the local motions even for PMMA which are usually
attributed to this energy range, or this fast motion contribu-
tion comes from the PEO itself. Interestingly, at any given
q and temperature, the amount of relaxation that is too fast
for our time window �1−A� roughly scales with the PEO
content.

V. CONCLUSIONS

We have investigated the dynamics of 10, 20, and 30 %
dPEO/dPMMA blends at six temperatures below and above
the blend Tg and at wave vectors ranging from 0.35 to
1.66 Å−1 using the NSE technique, which provides both time
and spatial resolution. Due to the large difference in the pure
component glass transitions, we are able to conclusively
show that no significant fraction of the fast component
�PEO� has the same mobility at a given temperature as in its
pure form and we saw no evidence for two well-separated
relaxation time which would correspond to the two compo-
nents. Because of the limited time window we cannot make
such a strong statement for the mobility of the PMMA. As it
is the dominant component, to account for the observed re-
laxations at least some of the PMMA is more mobile than the
pure component at the same temperature. Furthermore the
change in the glass transition temperature with blending is
not sufficient to account for the change in relaxation times as
shown in Fig. 8.

The decay curve of the relaxations is rather stretched with
an exponent ��0.30 and the temperature dependence is
compatible with an Arrhenius activation energy of around
42–45 kJ/mol. This information we could verify with good
accuracy only for q1.0 Å−1. Since the observed relaxation
persists also far below the blend Tg, it is likely dominated by
the � relaxation of PMMA. The relaxation times are strongly
q dependent, mimicking the static structure factor, but the q
dependence is too strong to be explained by deGennes nar-
rowing.

Further measurements with even higher resolution would
be desirable, in particular on samples with one or the other
component labeled by hydrogen. Unfortunately present in-
strument performances make it unlikely to be able to perform
such experiments in the near future.
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