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ABSTRACT: We address the dynamic behavior of poly(ethylene oxide) [PEO] in miscible blends with
poly(methyl methacrylate) [PMMA] by using quasi-elastic neutron scattering [QENS] with isotopic labeling.
The data reveal two dynamic processes in the picosecond-nanosecond time scales: a slow process that is consistent
with previous measurements of the segmental relaxation and a composition independent fast process occurring
on the picosecond time scale. The composition dependence of the slow process differs from previous measurements,
particularly at low PEO content. The fast process is similar to the fast process observed in pure polymers and is
insensitive to blending with PMMA. Relaxation times extracted from Kolraush-Williams-Watts [KWW] fits to
the data are used to test the applicability of the chain connectivity and coupling models as a function of spatial
scale. Both models describe slow process relaxation times within a small range of spatial scales near the Kuhn
length of PEO. The effective concentration, when obtained as a fit parameter in chain connectivity model fits, is
not a constant, but it decreases with increasing spatial scale.

Introduction

Poly(ethylene oxide) [PEO] and poly(methyl methacrylate)
[PMMA] form miscible amorphous blends at PEO concentra-
tions not greater than 30% by weight. This system is unique
among other blends for which dynamics have been addressed
because of a number of unusual characteristics. PEO/PMMA
blends have a negligible � parameter, owing to the minimal
thermodynamic interactions between the two polymers.1,2 The
difference in glass transition temperatures [Tg’s] between PEO
and PMMA is significant (∼180 K), with PEO having the low
Tg and thus being the more mobile component. Two dynamic
responses are observed through a variety of experimental
techniques,3–12 and two glass transitions have recently been
reported.58 If characteristic relaxation times are compared at a
common temperature, the mobility of PMMA increases with
blending while that of PEO decreases. Although the difference
in the blend is smaller than that between the pure components,
component mobilities remain widely separated. A study9 using
2H nuclear magnetic resonance [NMR] suggests that segmental
relaxation times of PEO may be up to 12 orders of magnitude

faster than those of PMMA near the blend Tg. The extreme
difference in mobility between PEO and PMMA is a feature
unique to this blend system. The dynamics of polyisoprene [PI]
and poly(vinyl ethylene) [PVE] are separated by 2-5 orders of
magnitude,13,14 polystyrene [PS] and poly(vinyl methyl ether)
[PVME] by 3-4 orders of magnitude,15 and polystyrene and
poly(2,6-dimethyl phenylene oxide)16,17 by next to nothing.
Another unique feature of the PEO/PMMA blend system is the
nearly composition independent dynamics displayed by PEO.9

In other miscible blends such as PI/PVE and PS/PVME, the
segmental dynamics of both components change significantly
with blend composition.

Several theoretical approaches have been proposed to explain
distinct component dynamics in polymer blends. One theory18–21

suggests that thermal concentration fluctuations, which are most
prominent in systems with a large Tg contrast and a small �,
lead to a distribution of local compositions on length scales of
around 10 nm near the glass transition temperature. Although
no quantitative comparison between this model and experimental
data on PEO/PMMA dynamics exists, we presented data for a
20 wt % blend in a previous publication22 supporting that
concentration fluctuations are important in the dynamics of PEO
in this system. The distribution of PEO relaxation times is
extremely wide, and its behavior with spatial scale and tem-
perature suggests this is linked to a wide distribution of local
concentrations. The data of Lutz and co-workers,9 obtained over
a range of compositions, does not support concentration
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fluctuations as an explanation of the fast and composition
independent dynamics displayed by PEO in the blend. The
second idea, proposed by Lodge and McLeish,23 asserts that
distinct component dynamics result from an enhanced self-
concentration caused by chain connectivity: the local environ-
ment of an A segment is richer in itself because it is connected
to two other A segments. The proposed relevant length scale
for this self-concentration is the Kuhn length. This model has
recently been tested on a large number of miscible blends where
data is available and in many cases is successful. For PEO/
PMMA blends, the model fails to describe the dynamics.24 Since
the fast and composition independent dynamics of PEO suggest
that its mobility is decoupled from the PMMA matrix that
surrounds it, Lutz and co-workers proposed that, due to the lack
of side groups on PEO, it is able to relax without requiring
PMMA rearrangement. Very recently, the same 2H NMR data
was analyzed in view of the coupling model of Roland and
Ngai25 for blend dynamics. The basis for this model is the
existence of a temperature insensitive crossover time tc associ-
ated with the degree of cooperativity or coupling in a given
system. The time tc separates two relaxation regimes: a fast
regime where intermolecular coupling is absent and a slow
regime where cooperativity is important. This model, although
not predictive, is able to describe the experimentally observed
invariance of relaxation times for PEO with composition. This
is attributed to relaxation times becoming comparable to the
value of tc (typically26–29 2 ps for pure polymers).

It is clear that some uncertainty remains regarding the nature
of PEO dynamics when mixed with PMMA. In this contribution,
we exploit the spatial sensitivity of quasi-elastic neutron
scattering [QENS] to address the issue of the appropriate model
for this purpose. We extend our prior measurements, which were
for the 20% PEO blend, to the range 10-30% PEO and examine
the ability of the chain connectivity and coupling models to
describe the data as a function of spatial scale. We have
considered the importance of concentration fluctuations for PEO
in this blend in another publication.22 With respect to the
coupling model, we are able to provide measured values of tc

and fast relaxation times specific to each blend. Both models
fit the data only within limited spatial regions: 8-18 Å for the
chain connectivity model and 8-12 Å for the coupling model.

We highlight the motion of PEO using deuterium substitution.
The large incoherent cross section of hydrogen compared to
deuterium allows us to “hide” the motion of one component by
substituting its hydrogen atoms for deuterium. In the present
case, we measure blends of hydrogenated PEO [hPEO] and
deuterated PMMA [d8PMMA] to isolate PEO mobility. This
differs from NMR measurements which require blends of
deuterated PEO and hydrogenated PMMA.9 Because the �
parameter is small, there may be differences in phase behavior
between these two mixtures, which will impact dynamics if
concentration fluctuations are important for this system.

Experimental Details

Blend Preparation and Characterization. Hydrogenated PEO
[Mw ) 463 kg/mol] and perdeuterated PMMA [Mw ) 315 kg/mol,
80% syndiotactic] with narrow molecular weight distributions were
purchased from Polymer Standards Service.31 We prepared blends
of 10, 20, and 30 wt % hPEO in d8PMMA by dissolving the two
polymers in chloroform and casting them from solution. To ensure
complete removal of the solvent, the samples were vaccuum-dried
for a week at 350 K. Differential scanning calorimetry [DSC]
thermograms performed at a rate of 10 K/min, using a TA
Instruments Q1000 differential scanning calorimeter, identified a
single broad glass transition. This confirms that the blends are

miscible and fully amorphous. The glass transition temperatures
for the blends and the pure components are given in Table 1.

We obtained dynamic data using the disk chopper time-of-flight
spectrometer [DCS]32 at the NIST Center for Neutron Research in
Gaithersburg, MD. The spectrometer was operated at an incident
wavelength of 4.2 Å and at a resolution of 0.08 meV (full width at
half-maximum). Energy transfers in the range of -327 to +2.7
meV are detectable with this configuration. For this work, we
concentrate on the quasi-elastic signal, that is, scattering events in
the range -2 to +2 meV. During the experiment, neutrons are
bombarded in pulses onto the sample where they are scattered either
elastically (their energy is unchanged) or inelastically (the neutron
experiences an energy change). The flight times of scattered
neutrons arriving at the detector array allow calculation of the
energy transfer (pω). The scattering angle is also recorded to
calculate the momentum transfer (Q). In the configuration used,
distances of 2-10 Å and times of 1-40 ps are investigated. The
sample is annular in shape and held in a thin-walled aluminum
can mounted onto a closed-cycle refrigerator. Sample thicknesses
were kept around 0.2 mm to achieve transmissions of ≈90% and
avoid multiple scattering effects. The instrumental resolution was
measured using a vanadium sample at 295 K and the same
instrument configuration. The measured QENS spectra collected
over 6 h periods were corrected for detector efficiencies using
software developed at NIST (Data Analysis and Visualization
Environment, DAVE33). Subsequently, the scattering from the
empty aluminum can and from the background were subtracted and
the data were binned into Q-groups in the range 0.60-2.60 Å-1.

Results

We investigate the mobility of PEO mixed with PMMA over
a range of temperatures, 308-440 K, where PEO motion falls
within the time scale of the DCS. Although QENS is normally
not useful below the glass transition, in this case, the more
mobile PEO remains in the window even below the blend Tg,
and thus, the chosen temperature range brackets the blend glass
transitions. To assess changes in dynamics upon blending, we
require data for pure PEO. Due to the large difference between
the Tg and the melting temperature (Tm ) 334 K) of PEO, only
one temperature was noncrystalline within the time window of
DCS: T ) 343 K. At this temperature, we compare the dynamic
structure factor, S̃(Q,ω), as a function of energy transfer (E )
pω), of all compositions, with that of pure PEO in Figure 1.
The spectra are comprised of at least two line shapes: a tall
Gaussian peak which corresponds to the instrumental resolution
and defines the slowest motion that can be measured by the
spectrometer, and additional broader peaks originating from
proton motion. Since the line shapes of all the samples differ
from that of vanadium, we infer that the mobility of PEO is
within the time scale of DCS. Pure PEO is the most mobile of
all compositions (has the broadest spectrum), confirming that
the presence of PMMA retards PEO motion. To quantitatively
assess differences in dynamics, it is advantageous to represent
the data in the time domain, rather than in the energy (frequency)
domain. In addition, the existence of more than one relaxation
process cannot be directly discerned from the raw spectra, since
they would all contribute to the total breadth of the peak. In
the time domain, each of these processes will appear at different
time scales.

Table 1. Glass Transition Temperatures Measured from DSCa

sample Tg (K)

100 d8PMMA 391
10 hPEO/90 d8PMMA 365
20 hPEO/80 d8PMMA 344
30 hPEO/70 d8PMMA 315
100 hPEO 214

a Compositions are given in wt %.
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We convert the raw data at each temperature and momentum
transfer from the energy domain to the time domain by applying
a discrete complex Fourier transform [FT] using the following
expression:

S̃(Q, t))∑
k)1

N

S̃(Q, ωk) exp(-iωkt)∆ωk (1)

where ωk is the angular frequency ()Ek/p) at each data point k
in a set with N total data points. The measured self-intermediate
scattering function S̃(Q,t) is a convolution of the “true” self-
intermediate scattering function S(Q,t) and the resolution
function R(Q,t). This convolution in the frequency domain
corresponds to a multiplication in the time domain:

S̃(Q, t)) S(Q, t) × R(Q, t) (2)

such that S(Q,t) can be easily calculated. It is customary to
express the self-intermediate function with values ranging from
0 to 1; thus, we also calculate S(Q,0) using eqs 1 and 2 and
subsequently S(Q,t)/S(Q,0) )I(Q,t).

Figure 2 presents the same data as Figure 1, Fourier
transformed into the time domain. The existence of two dynamic
regimes is immediately apparent. The crossover between these
two regimes is located at 1 ps and is independent of temperature,
composition, or spatial scale. From now on, we refer to the two
relaxations in Figure 2 as the fast (t < tc) and slow (t > tc)
processes and characterize them separately. The crossover time,
which corresponds to tc in Ngai’s coupling model, is observed

in pure PEO, and it has also been seen in other homopolymer
melts.26–29 For this specific system, QENS measurements in this
time range have not previously been made; however, molecular
dynamics simulations did not show this crossover.12 We observe
that the fast process is independent of the environment, whereas
the slow process is not. This is the first measurement of the
fast process in a polymer blend, and its invariance with
composition is consistent with an intramolecular origin.

For the slow process, the data for the 20 and 30 wt % blends
suggest a weak composition dependence, which is in agreement
with the findings of Lutz and co-workers.9 This is not the case
for the 10 wt % blend where PEO moves much slower than
would be expected if the same composition dependence was
continued. This could be due to labeling issues or an increasing
contribution from the collective dynamics of deuterated PMMA.
As mentioned above, we measure the hPEO/dPMMA blend
whereas Lutz et al. measured the dPEO/hPMMA blend. It is
possible that the different composition dependence is a real
feature that distinguishes the behavior of these two systems.
We also consider the contribution from the coherent scattering
of d8PMMA. Table 2 shows the estimated incoherent and
coherent contributions to the total scattering (calculated from
the scattering cross sections) from each polymer in the systems
we measured. In the 20 and 30% samples, the incoherent
scattering of hPEO clearly dominates, whereas in the 10% blend
the coherent contribution from deuterium almost equals the
incoherent scattering of hPEO. We anticipate that the collective
dynamics of PMMA represented by this contribution will be
too slow to be captured by DCS. In this case, the decay will
not reflect the motion of PMMA,39 although it could contribute
an elastic fraction.

To address this issue, we consider the time scale of collective
motion of PMMA in the 10% hPEO/d8PMMA blend. A direct
measurement is impossible due to the presence of hPEO. We

Figure 1. QENS spectra obtained with the DCS time-of-flight
spectrometer at Q ) 1.50 Å-1 (top) and Q ) 2.50 Å-1 (bottom). All
sample data are shown including the vanadium resolution. Scattering
intensities have been normalized to the maximum intensity. Data
correspond to temperatures of 343, 345, 348, and 345 K for the 100,
30, 20, and 10% hPEO samples, respectively. Only a section of the
QENS spectra is shown, that is, energy transfers between -2 and +2
meV.

Figure 2. Self-intermediate scattering function for hPEO as a function
of d8PMMA composition in the blend. Measurements are shown for Q
) 1.5 Å-1 (top) and Q ) 2.5 Å-1 (bottom). Data correspond to
temperatures of 343, 345, 348, and 345 K for the 100, 30, 20, and
10% hPEO samples, respectively. The lines represent fits with the
KWW equation.
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have available three alternative estimates: pure d8PMMA, the
d4PEO/d8PMMA blend, and the hPMMA/d4PEO blend. Pure
d8PMMA does not include the effect of blending, and thus, it
will be too slow. In the d4PEO/d8PMMA blend, coherent
scattering from PEO will contribute such that this estimate will
be too fast. In the hPMMA/d4PEO blend, the estimate will again
be too fast due to the rotation of methyl groups, which are not
present in collective motion, and the fact that collective motion
is faster than self-motion.43

The indicators described above include data from two additional
spectrometers. The hPMMA/d4PEO blend was measured30 using
a backscattering spectrometer, and the d8PMMA41,42 and d4PEO/
d8PMMA41 samples were measured on two different neutron
spin-echo spectrometers. To determine whether the mobility
of PMMA in hPEO/d8PMMA falls within the time window of
DCS, in Figure 3, we compare the normalized scattering
intensity I(Q,t) for these three indicators at t ) 350 ps, a time
beyond the time window of DCS, which extends to 40 ps. This
is a more stringent test than required, both because the time is
beyond the time window of DCS and because hPMMA/d4PEO
and d4PEO/d8PMMA will be faster than the motion of interest.
Data at two temperatures are presented: from the hPMMA/
d4PEO sample in Figure 3a and from the d8PMMA and d4PEO/
d8PMMA samples in Figure 3b. At low temperature and large
spatial scales, only a small portion of the decay (less than 20%)
occurs before 350 ps, as indicated by I(Q,t ) 0.35 ns) values
of 0.8 or higher. As a result, we conclude that the collective
dynamics of PMMA would only contribute in the DCS time

window for data at high temperature and high Q. Specifically,
if T > 425 K and Q > 1.5 Å-1, we estimate that the PMMA
component decays 20% or more by 350 ps, and as a result
caution should be used in interpreting the data in this range.
This applies to very few of our data sets, which span the
temperature range 308-440 K and the spatial range 0.6-2.6
Å-1. We also note that atomistic simulations of the coherent
scattering signal of dPMMA in a blend with 25 wt % hPEO12

at 400 K support this conclusion. For example, at Q ) 1 Å-1,
the decay is around 15%.

As a further test, we look for a variation of relaxation times
in phase with the static structure factor [S(Q)], which would be
an indicator that collective motion is prominent.44 Figure 4
shows the spatial scale dependence of the slow relaxation times
of all three blend compositions at T ) 440 K, where the largest
contribution from coherent scattering of PMMA is expected.
These times have been extracted using the Kolraush-Williams-

Table 2. Contributions to the Incoherent and Coherent Scattering from hPEO and d8PMMA in Each of the Samples Studieda

sample
incoherent scattering

from hPEO (%)
coherent scattering

from hPEO (%)
incoherent scattering
from d8PMMA (%)

coherent scattering
from d8PMMA (%)

10 hPEO/90 d8PMMA 45.9 3.2 8.8 42.1
20 hPEO/80 d8PMMA 64.0 4.4 5.3 26.3
30 hPEO/70 d8PMMA 73.7 5.1 3.7 17.5
100 hPEO 93.4 6.4 0.0 0.0

a Compositions are given in wt. %.

Figure 3. Values of the intermediate scattering function at t ≈ 350 ps
as a function of spatial scale: (a) incoherent scattering function of
hPMMA/d4PEO measured with the HFBS backscattering spectrometer30

and (b) coherent scattering function of pure d8PMMA and of a blend
of d8PMMA/d4PEO.

Figure 4. Spatial scale dependence of the characteristic relaxation times
(obtained from KWW fits) of the slow process of PEO in all blends:
(orange, [) 10%, (purple, b) 20%, and (green, 2) 30% blend. The
lines show the static structure factor of the 10, 20, and 30% blends
(same color code).41

Figure 5. Temperature dependence of relaxation times obtained from
KWW fits. Symbols correspond to (9) QENS slow process data for
the 20% blend at Q ) 1.3 Å-1 (this work), (b) QENS fast process
data for the 20% blend at Q ) 1.3 Å-1 (this work), (×) dielectric
spectroscopy data for the R-relaxation of neat PEO,11 (+) dielectric
spectroscopy data for the �-relaxation of PEO in a 20% blend, and
(-) dielectric spectroscopy data for the γ-relaxation of PEO in a 20%
blend.11

3704 García Sakai et al. Macromolecules, Vol. 41, No. 10, 2008



Watts [KWW]34 expression, without accounting for an elastic
fraction, as described below and denoted by eq 3. Also shown
in the figure are the static structure factors of each blend.41 The
relaxation times show no sign of a modulation with Q, but rather
the -2/� scaling with a spatial scale characteristic of incoherent
relaxation times44 is observed. The characteristic times obtained
without accounting for an elastic fraction are similar for the
20% and 30% blends, which is consistent with prior measure-
ments on this system. Characteristic times for the 10% blend
are significantly slower, indicating that the larger contribution
from PMMA is significant in this case. We conclude that the
motion of PMMA does not contribute within the time scale of
DCS, but that the elastic fraction must be taken into account
when fitting data from the slow process.

Characterization of the Fast and Slow Processes

In this section we examine the two dynamic regimes observed
for PEO in more detail. Specifically, we compare our QENS
results to data from other experimental techniques and consider
temperature and spatial dependencies of the parameters that
characterize mobility. To obtain these parameters, we treat the
fast and slow portions of the decay as two separate processes.
Parameters for each are obtained using a KWW expression
which describes translational motion in liquids. This expression,
although empirical, describes the dynamics of neat polymers
and blends14,15,22,35–38 and has been widely used to characterize
mobility. In this description, the self-intermediate scattering
function,

I(Q, t))A(Q, T) exp[-( t
τKWW(Q, T))�(Q,T)] (3)

is described by three parameters: the characteristic relaxation
time τKWW, the stretching exponent � reflecting the distribution
of relaxation times, and a prefactor A. The latter two can take
values from 0 to 1. All three parameters may be thermally and/
or spatially dependent. For the slow process, we take into
account an elastic contribution from the immobile PMMA by
introducing an additional fit parameter:

I(Q, t))A(Q, T){ (1-E(Q, T)) exp[-( t
τKWW(Q, T))�(Q,T)] +

E(Q, T)} (4)

E(Q,T) represents the fraction of the scattering arising from
immobile protons in the PMMA component and is fixed at the
values given in Table 2. Representative fit lines for both
processes are included in Figure 2, and they illustrate that the
resulting fits adequately describe the data.

Because of the large number of fitting parameters that are
strongly coupled, we wish to set an error bar that describes the
range of parameters that can describe the data. The error bars
in our figures represent the maximum and minimum values of
the parameters presented that can adequately describe the data.
Error bars in I(Q,t) [roughly the size of data markers in Figure
2] are calculated by synthesizing 500 data sets based on the
uncertainty of the raw data, S̃(Q,ω), and performing the FT on
each data set. Error bars on the KWW parameters (Figures 4-8)
are assigned by generating 500 data sets within the error bars
of I(Q,t) and fitting them to the KWW equation. The fitting
was accomplished using a nonlinear optimization solver
CONOPT, accessed via General Algebraic Modeling System
[GAMS]. The solver minimizes the squared difference between
the predicted and measured values of I(Q,t) by searching for
the optimal values of A, �, and τKWW.10 These values are
obtained using a large number of initial guesses to find as many
of the local minima (and therefore combinations of fit param-
eters) as possible. The significance of the error bars in Figure

8 is that values outside the range illustrated cannot describe
the data, even if the other two parameters are allowed to vary.
An inability to accurately assign fit parameters due to limited
decay is thus revealed as an excessively large error bar, which

Figure 6. Composition dependence of the relaxation times obtained
from KWW fits for the slow and fast processes of PEO in blends with
PMMA. The figure compares data from QENS to data from NMR.9

Solid symbols correspond to QENS relaxation times obtained in this
work at Q ) 1.3 Å-1: (b) 10%, (2) 20%, (9) 30%, and (×) 100%.
Empty symbols correspond to NMR segmental relaxation times: (O)
10%, (4) 20%, and (0) 30%. The bottom graph compares data (slow
process) from QENS from this work at Q ) 1.02 Å-1 for (2) 20% and
(9) 30% blends, with data from a backscattering spectrometer in ref
12 for the (O) 25% blend.

Figure 7. Spatial dependence of the relaxation times obtained from
the KWW fits for the fast process for the 30% blend. Symbols
correspond to different temperatures: (]) 280 K, (0) 320 K, (O) 345
K, (4) 370 K, and (×) 440 K. The lines represent best fits through the
data and have slopes ranging from -2.1 to -2.5.
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indicates an unacceptable range between the minimum and
maximum values possible for that parameter.

As discussed above, our results indicate the presence of two
PEO relaxation processes in all blends, as well as in the pure
melt, with a temperature and momentum transfer independent
crossover time of 1 ps. In pure polymers, the nature of the fast
process has been described as a vibrational62 process and an
intramolecular relaxation process.63–66 Characteristic times for
this process are weakly dependent on temperature and follow
an Arrhenius scaling. The slow process refers to the structural
relaxation of the polymer which is usually associated with the
R-relaxation. At low temperatures, the R-relaxation, which
shows a Vogel-like temperature dependence, is distinct from
the �-relaxation, which is Arrhenius in temperature with an
activation energy significantly greater than that of the fast
process. In dielectric measurements, the R- and �-relaxations
merge at a temperature somewhat above Tg, and neutron
measurements are typically associated with this region.

In Figure 8, we examine the temperature, composition, and
spatial dependence of the fast and slow relaxation times and
stretching parameters. The prefactor A is considered a fit
parameter but is not allowed to increase with increasing Q, as
that would be unphysical. The relaxation times presented in these
figures are those obtained directly from the KWW fits, and they
have not been combined with the stretching parameter to form
a “characteristic time” as is sometimes reported. We first place
the relaxation times into context with data from other experi-
mental techniques by comparing relaxation times from QENS
with those from dielectric spectroscopy [DS, Figure 5]11 and
NMR9 [Figure 6] as a function of temperature. Since QENS is
the only technique that has spatial sensitivity, it is unclear which
Q value should be used for this purpose. We choose Q ) 1.3
Å-1 because previous comparisons46 between these techniques
and neutron scattering have found agreement at spatial scales
around 1 Å-1, and our data most closely match NMR times in

this range. A comparison between QENS and DS is shown in
Figure 5 for the 20 wt % PEO/PMMA blend. Dielectric
spectroscopy captures two relaxation processes of PEO: the
�-relaxation and another secondary process termed the γ-re-
laxation. The dielectric measurement is not able to discern the
R-relaxation of PEO when mixed with PMMA because, at the
frequencies where it would be observed, the dielectric signal is
dominated by the relaxation processes of PMMA. Instead, we
provide relaxation times from the R-relaxation of pure PEO. A
comparison between DS and QENS data supports that the slow
process is related to the R�-relaxation of PEO, and the fast
process is not observed in DS measurements. At the spatial scale
shown, the activation energy obtained from QENS is 52.5 kJ/
mol, whereas the activation energy of the �-relaxation from DS
is 35.7 kJ/mol. Such change in the slope between the � and
merged R/� relaxations is consistent with observations of the
R�-relaxation for pure PMMA47 and for PMMA in a 20 wt %
blend with PEO.10

We compare QENS and NMR relaxation times for both
processes in Figure 6. For the slow process, reasonable
agreement is observed for all three blends. The QENS data,
although sharing the insensitivity to composition seen in NMR,
is somewhat faster. In addition, NMR data show that the slow
process is quite stretched, with � values of 0.28.9 At the spatial
scale provided in the figure, � values from QENS range between
0.35 and 0.40 at low temperature and increase to between 0.5
and 0.6 at the highest temperatures measured. Also shown in
Figure 6 are times from a recent QENS study on PEO dynamics
in this system. Those data were obtained from a backscattering
spectrometer,12 but both characteristic times and stretching
parameters are consistent with the present data, indicating that
the two probe different time ranges of the same motion. Finally,
we note that as the spatial scale increases, stretching parameters
become smaller, in some cases as low as 0.20. This is consistent
with a wide distribution of characteristic times, which could
arise from confinement effects. Such effects were observed in
ref 12 at spatial scales larger than those measured by DCS.

In contrast to the slow process, characteristic relaxation times
for the fast process are clearly smaller than those from NMR
data. Although this “fast” process has previously been reported
for pure polymers, the effect of mixing has not previously been
examined. As suggested from the sample decays in Figure 2,
relaxation times for the fast process are insensitive to environ-
ment. The temperature dependence of this process is Arrhenius
with a small activation energy: 10-15 kJ/mol, independent of
composition and Q. These values are consistent with confor-
mational transitions in pure polymers [PI, PB, PVC]. For pure
polymers, the fast process is usually associated with unhindered
motion within a local cage, the extent of which is described by
the Debye-Waller factor. The decay function associated with
local cage vibrations is exponential (i.e., � ) 1), with charac-
teristic times that follow a Q2 scaling.49 Figure 7 shows the
spatial dependence of fast relaxation times for the 30% blend
at various temperatures. In agreement with local cage explora-
tion, the exponent in this scaling varies between 2.0 and 2.5.
The decay is not a simple exponential: values of the stretching
exponent fall in the range 0.5-0.8 for pure PEO and PEO mixed
with PMMA at all temperatures. This is illustrated in Figure 8
where we present fast process stretching exponents as a function
of spatial scale [Figure 8a] and temperature [Figure 8b]. The
fast process of pure PEO is also characterized by a stretched
exponential decay, ruling out the possibility that blending is
the cause of the stretched characteristic. The fast process in PEO
is very prominent; that is, it decays significantly before the
slower process intervenes. This additional decay may reveal
nonexponential behavior not otherwise observable. One possible
origin is a distribution of local cage sizes, or mean squared

Figure 8. (a) Spatial and composition dependence of the stretching
exponent for the fast process. The data correspond to T ) 345 K. (b)
Temperature dependence of the stretching exponent for the fast process
for all compositions. The data correspond to Q ) 1.5 Å-1.

3706 García Sakai et al. Macromolecules, Vol. 41, No. 10, 2008



displacements, which when averaged appears as a nonexpo-
nential decay.

Comparison to Dynamic Models

As discussed in the Introduction, three models have been
proposed to explain component dynamics in polymer mixtures.
In this work, we consider two of these, the chain connectivity
model and the coupling model, and use the spatial sensitivity
of QENS to assess their applicability at various length scales.
The controlling length scale in the dynamics of mixtures is an
open question. The widespread success of the chain connectivity
model, with respect to both the number of systems for which it
provides an adequate description of obtained data and the range
of data it can correlate, suggests that a length scale of dimensions
comparable to the Kuhn length controls dynamic response in
mixtures regardless of the spatial extent of the technique used
to measure this response. A technique such as QENS should
thus reveal that the self-concentration is invariant as the size

scale of the observed region changes. We expect different
behavior in the case of PEO/PMMA, because the chain
connectivity model is not able to describe available data. This
behavior may provide some insight as to why chain connectivity
does not work in this system. The coupling model does not rely
on a specific length scale, but the primitive relaxation which
couples to the segmental relaxation should be prominent on
small spatial scales. It may thus be expected that this model
will describe the data at spatial scales large enough to include
significant environmental contacts.

The Chain Connectivity Model. In the chain connectivity
model,23 segmental relaxation is controlled by the composition
of a local region with dimensions comparable to the Kuhn
length, lK, termed the effective concentration. The self-
concentration of a polymer segment centered in this local region
is dictated by chemical bonding and chain flexibility. This self-
concentration, φself, causes the effective concentration

φeff
i ) φself

i + (1- φself
i )φbulk (5)

to vary from the bulk composition (φbulk). The self-concentration
is calculated from the volume fraction occupied by a Kuhn
length (lK) of repeat units inside a volume of dimension
comparable to the Kuhn length. A cubic volume is normally
used for this purpose; in our case, a spherical volume [πlK

3/6]
best describes QENS measurements, such that

φself
i )

6C∞M0

kFNAVπlK
3

(6)

The required parameters characteristic ratio C∞, molecular
weight of one repeat unit M0, number of backbone bonds in a
repeat unit k, bulk density F, Avogadro’s constant NAV, and
Kuhn length lK are all numerical constants or pure component
parameters, making this theory predictive in the sense that blend
properties may be estimated based on pure component inputs.
The dynamics of each component depend on the effective
concentration through an effective glass transition temperature,
normally determined using the Fox equation evaluated at φeff:

1

T i(φeff)
)

φeff
i

Tg
A
+

1- φeff
i

Tg
B

(7)

Because the effective concentrations of the two components
differ, the effective glass transition temperatures also differ,
which causes a separation of segmental relaxation times. These
times are calculated using the Vogel-Tammann-Fulcher (VTF)
framework, where pure component values of the constants τ∞,i

and Bi are used. The influence of the effective concentration
and thus the second component enters through the third constant:
the Vogel temperature. In the relationships used:

τseg,i(φ, T)) τ∞,i exp[ Bi

T- T0,i(φ)] (8)

T0,i(φ)) T0,i + Tg
i(φeff

i )- Tg,i
pure (9)

i represents homopolymer A or B, τ∞,t and Bi are the VTF
parameters that describe the temperature dependence of the
segmental relaxation of homopolymer i, and T0,i and T0,i(φ) are
the Vogel temperatures for homopolymer i and the blend,
respectively.

The chain connectivity model is able to correlate slow QENS
relaxation times over a range of spatial scales clustered around
the Kuhn length of PEO, 7-18 Å, but the predicted value of
the self-concentration provides a reasonable description only
at the large end of this spatial range. As an example, a
comparison between the model prediction and our QENS data
is shown in Figure 9a for all compositions, where the predicted

Figure 9. Comparison between the Lodge-McLeish model and QENS
data for PEO in PMMA blends fit with the predicted value: φself )
0.22 at (a) Q ) 0.69 Å-1 and (b) Q ) 1.3 Å-1. Symbols represent the
QENS data, and lines represent the LM model predictions. Panel (c)
shows the spatial dependence of φeff obtained by fitting the LM model
to QENS data at three different Q values: (O) 30% blend, (4) 20%
blend and, (0) 10% blend; the lines are values calculated from
molecular dynamics simulation53 for PEO (solid) and PMMA (dashed)
in a 20% PEO blend.
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value, φself ) 0.22, is used. The spatial scale illustrated, Q )
0.69 Å-1, is the spatial scale at which the best fit is obtained,
and it describes a sphere with diameter ≈18 Å, somewhat larger
than the Kuhn length of PEO. The data are best described for
the 20% blend. For this comparison, we required VTF param-
eters for PEO9 [B ) 748.5 K, T0 ) 166 K, and τ ) 0.095 ps]
and parameters for the calculation of φself [C∞ ) 6.7, M0 ) 44
g/mol, k ) 3, F ) 1.07 g/cm3, NAV ) 6.023 × 1023 mol-1, and
lK ) 1.1 × 10-7 cm].51 As the spatial scale is decreased, φself

) 0.22 no longer describes the data, although it can be correlated
by allowing φself to vary. This is illustrated in Figure 9b, again
using the predicted value of φself ) 0.22, where the illustrated
spatial scale, Q ) 1.3 Å-1, describes a sphere approximately
10 Å in diameter. As is apparent from the figure, the composition
dependence of the data is less than that of the Lodge-McLeish
[LM] prediction, and agreement only becomes quantitative at
high temperatures.

Because of the spatial resolution in QENS, we are able to
evaluate the LM model and obtain an estimate of φeff as a
function of length scale. To do so, we treat φself as a fit
parameter, allowing it to vary with composition and spatial scale.
With this approach, reasonable fits can be obtained in the
Q-range between 0.69 and 1.5 Å-1. This differs from the
treatment leading to Figure 9a in which φself was constrained
to the predicted value for all three blend compositions. The self-
concentrations required to describe the data were used with eq
4 to determine the effective concentration, and we present the
results in Figure 9c. Since the predicted value of φself produces
a good fit at larger spatial scales, with quantitative accuracy
most apparent for the 20% blend, the connection between this
graph and Figure 9a is the 20% data at r ) 9.1 Å [Q ) 0.69
Å-1] where the effective concentration corresponding to φself

) 0.22 is 0.38. The other compositions take different values of
φself, interestingly, such that the effective concentrations of all
three blends are coincident. The effective concentrations cor-
responding to φself ) 0.22 for the other two blends are φeff )

0.46 [for the 30% blend] and 0.30 [for the 10% blend], a
difference not observed in Figure 9c. As the length scale of the
measurement is decreased, the effective concentration does not
remain constant, but rather it varies considerably within the
spatial range where the model is able to fit the data. This does
not support a constant length scale which controls the influence
of mixing on dynamics, but it does vary as one would expect
the local concentration to vary with spatial scale. At small
distances, only self-contacts are possible and we expect φeff to
be unity, dropping off as the first intermolecular contacts are
encountered and eventually reaching the bulk blend composition.
This is confirmed by MD simulations on this system,53 in which
the effective concentration may be directly calculated as a
function of local volume size, and these curves for both blend
components are presented in the figure. Similar results were
obtained from MD simulations of polyolefin blends.52

The Coupling Model. The coupling model developed by
Roland and Ngai25 describes the segmental dynamics of polymer
blends as a coupling of a primitive relaxation, that is, one
without influence of local environment, with the new environ-
ment introduced by the second component. The model is based
on their coupling model54–57 for neat polymers. The intermediate
scattering function of a neat polymer follows a stretched
exponential decay:

φ(t)) φ0 exp[-(t ⁄ τ)1-n] (10)

The coupling parameter n describes the intermolecular coupling,
and τ is the segmental relaxation time. The primitive relaxation
is introduced using

τ(n)) (tc
nτ0)1⁄1-n (11)

where tc is the time scale at which coupling begins and t0 is the
primitive relaxation time. In the context of the QENS measure-
ments presented in this work, τ(n) is the slow process relaxation
time, τ0 is the fast process relaxation time, and tc is the crossover

Figure 10. Comparison of relaxation times obtained from fits to the KWW equation from QENS ([ with solid error bars) and those calculated
using Ngai’s coupling model (line with dashed error bars). Also shown are the values of the coupling parameter used (O).
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time from fast to slow. QENS provides all three parameters
directly, relieving the need to use pure component parameters
or estimates and providing a more stringent test of the model.
Our measurements reveal that tc ) 1 ps for all systems at all
temperatures and spatial scales. Predictions of τ(n) are made
with tc ) 1 ps, with τ0 equal to the relaxation time of the fast
process at a given temperature, momentum transfer, and blend
composition and n determined from the stretching exponent �
(obtained from fitting the intermediate scattering function to the
KWW equation). Because the model requires blend data as
input, it is not predictive.

We compare relaxation times calculated using the coupling
model as described above with those from the slow QENS
process as a function of spatial scale in Figure 10. Three
temperatures and all compositions are considered. Also shown
are the values of the coupling parameter used in the calculation.
The error bars in the calculated relaxation times represent the
spread based on the uncertainty in the values of �. The
agreement between the model predictions and the data is
reasonable. We note that, as with comparison to the chain
connectivity model, the coupling model works best within a
narrow region clustered around the Kuhn length of PEO. A
previous comparison of the model to NMR data25 showed good
agreement using a typical value of tc for polymers and pure
PEO relaxation times for τ0. We can now confirm that the value
of tc used in this comparison is accurate [2 ps vs 1 ps] and that
using pure relaxation times for τ0 is reasonable because the fast
process is insensitive to environment. The present comparison
is more accurate, since it uses measured values for these
parameters. Agreement between predicted and measured relax-
ation times is worst below the Tg of PMMA and at small spatial
scales. We have previously reported unusual behavior in this
regime, in that � changes considerably and tends to pure PEO
values. Agreement also deteriorates for spatial scales above ∼1
Å-1. This corresponds to a sphere of diameter ∼12 Å, whereas
the chain connectivity model remains accurate up to 18 Å. We
note that it has been reported that QENS data for this system
indicate confinement below the Tg of PMMA, where the system
may be regarded as mobile PEO segments “confined” by the
immobile PMMA.12 It may be that the character of the observed
process changes under these conditions (PEO confined between
immobile PMMA segments) and is no longer represented by
models designed to describe the R-relaxation. The R-relaxation
of PEO has been reported to disappear entirely when confined
in other systems, which is consistent with all the above
evidence.61

Conclusions

We have used neutron scattering to study the dynamics of
PEO in blends with PMMA. We observe two distinct processes
occurring at different time scales. Relaxation times for the slow
process correspond to DS and NMR measurements of the
segmental or R-relaxation of PEO in the PEO/PMMA blend.
Relaxation times for the fast process are much smaller than
previous measurements of the PEO segmental relaxation and
depend differently on temperature. This process, previously
observed in pure polymers, is examined for the first time as a
function of environment. We find it is insensitive to mixing, in
keeping with its interpretation as exploration of a local cage.

We use the spatial selectivity of QENS to examine two
models used for blend dynamics: the chain connectivity model
and the coupling model. In both cases, we assess the ability of
the models to describe the motion of PEO over spherical regions
varying in diameter from 6 to 22 Å. We find that both models
describe PEO motion in limited regions: 8-18 Å for the chain
connectivity model, and 8 to 12 Å for the coupling model. The
chain connectivity model yields effective compositions that vary

with spatial scale, in contrast to the idea of a single length scale
controlling the dynamics of mixtures.
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