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ABSTRACT: The segmental and local dynamics of amorphous blends of poly(methyl methacrylate) and
poly(ethylene oxide) (PMMA/PEO) were investigated using dielectric relaxation spectroscopy. The
derivative of the dielectric permittivity facilitates the observation of the cooperative segmental relaxation
(o) in blends with low PEO content, which is mostly masked in ¢ spectra. For blends aged at room
temperature, a DSC endotherm gradually develops near the expected PEO T, and shifts to higher
temperatures with increasing aging time. However, X-ray diffraction from PEO crystals is not observed,
indicating that the glassy blends undergo physical aging at room temperature. A relaxation appears in
the blends between the PMMA and PEO local relaxations, which we propose is associated with regions

of PEO partial order.

1. Introduction

In the past decade nanoscale dynamic heterogeneities
have been identified in globally miscible polymer blends,
in which the components have a relatively large differ-
ence in mobility (ATy4 = 50 °C) and do not exhibit strong
intermolecular associations. This heterogeneity has
been explained using the concepts of concentration
fluctuations,! intrinsic mobility differences,? and self-
concentration effects arising from chain connectivity.3
Even more complex relaxation behavior may occur in
melt-miscible polymer blends containing a crystallizable
component, the classic examples of which are blends of
poly(methyl methacrylate) (PMMA) with poly(ethylene
oxide) (PEO) and poly(vinylidene fluoride) (PVDF).

It was initially reported that relatively high molecular
weight PMMA/PEO blends have a small negative Flory—
Huggins interaction parameter, y, and it was proposed
that these mixtures are miscible across the entire
composition range in the melt as well as in the amor-
phous portion of semicrystalline blends.* In keeping
with this interpretation, a lower critical solution tem-
perature (LCST) of ~350 °C was predicted for atactic
PMMA/PEO blends having M, (g/mol) of 1.3 x 10% and
2.0 x 10% respectively.® However, a variety of later
experimental findings are at variance with these re-
ports. Solid-state nuclear magnetic resonance (NMR)
has been used to investigate the heterogeneity of
PMMA/PEO blends (with My, = 9 x 104 and 2 x 10°
g/mol in refs 6 and 7 and 3 x 10% and 5 x 106 g/mol in
ref 8) containing 10% and 18% PEO at room tempera-
ture. A heterogeneous domain size of between ~2 and
~50 nm was estimated from proton spin—Ilattice relax-
ation times in the rotating frame (T1,(*H)) and the
laboratory reference frame (T1(*H)), respectively.® On
the basis of the chemical shift and bandwidth of 129Xe
absorbed in these blends, the heterogeneity was esti-
mated to be on a scale of ~40 nm.” In another study on
a 80/20 PMMA/PEO blend (My, = 1.17 x 10°% and 2 x
10* g/mol), the blend composition was calculated from
the NMR T1,(*H) decay and free induction decay at room
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temperature.® The difference between the calculated
composition from NMR and the known bulk composition
suggested the presence of ~5 wt % phase-separated
PEO in addition to a mixed amorphous phase. These
authors postulated that the phase-separated PEO arose
from constrained and crystalline units, but no PEO
crystallinity was detected by DSC.

Infrared dichroism and birefringence measurements,
combined with rheometry, demonstrated that the two
components have distinct relaxation times and temper-
ature dependences in PMMA-rich blends.1° On the basis
of measurements of y (derived from small-angle neutron
scattering experiments), it was concluded that an upper
critical solution temperature (UCST) occurs near ~320—
350 K for amorphous PMMA/PEO blends with My, ~
10% g/mol (both components) and PEO volume fractions
of 0.1-0.27.11 These authors argued that their results
differ from those reported earlier* since the earlier
studies did not take into consideration the effect of
deuteration on the measured y's.

In an extension of our previous studies of the seg-
mental and local dynamics of globally miscible polymer
blends and solutions, we use broadband dielectric
spectroscopy to probe the local environments of amor-
phous blends of atactic PMMA and PEO. In particular,
we focus on the effects of room temperature aging on
the observed heterogeneity.

2. Experimental Section

2.1. Materials. The PMMA used in the present study was
purchased from Aldrich Chemical Co. Given that PMMA
tacticity can play a role in its miscibility with PEO,'?12 the
tacticity of the PMMA used in our experiments was deter-
mined by *H NMR (300 MHz, CDClI; as the solvent). It was
found to consist of rr/rm/mm = 34%/45%/11%, where r and
m represent racemic and meso diads, respectively. Therefore,
this polymer can be considered to be atactic (a-PMMA). The
relative M,, and M,, were found to be 9.5 x 10* and 3.9 x 10*
g/mol, respectively, as determined from gel permeation chro-
matography (GPC), using tetrahydrofuran as the mobile phase
and nearly monodisperse polystyrene standards.

The PEO used in our experiments was purchased from
Polysciences. My, and M, were determined from GPC to be 2.2
x 10%and 5.4 x 10* g/mol, respectively, using dimethylforma-
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mide containing 0.05 M LiBr as the mobile phase. Calibration
was performed using PEO standards (Mw/M, < 1.1) from
Polymer Standards Service.

Neat PMMA and PEO powders were pressed at 190 and 100
°C, respectively, for several minutes. The pressed films were
placed into a vacuum oven preheated at 130 and 100 °C,
respectively. After heating in a vacuum for 45 min, the heater
was turned off, and the samples were maintained under
vacuum for 1 day until the oven slowly cooled to room
temperature. PMMA/PEO blends were prepared from CHClI3
solutions. Mixed solutions were stirred for >6 h. After solution-
casting onto Al foil, samples were placed in a hood at room
temperature for >12 h and then heated in a vacuum with the
temperature gradually increased to avoid bubble formation.
After heating at the final temperature of 130 °C for < 1 h, the
heater was turned off, and samples were maintained under
vacuum until the oven slowly cooled to room temperature. The
blend samples are denoted as Mx hereafter, where x is the wt
% PMMA.

2.2. Techniques. 2.2.1. Dielectric Relaxation Spectros-
copy (DRS). DRS spectra were collected using a Novocontrol
Concept 40 broadband dielectric spectrometer. Temperature
control was accomplished using a Novocontrol Quatro Cryo-
system. Experiments were run in the frequency domain (0.01
Hz—10 MHZz), using 7.5 °C increments. The minimum stabi-
lization time after the temperature reached a given value (£0.3
°C) was 1 min. Specimens ~0.6 mm thick were sandwiched
between two electrodes and had diameters a little larger than
that of the upper electrode (20 mm).

Two different temperature profiles were applied: (a) dielec-
tric measurements were performed on cooling from 190 to
—140 °C, and (b) samples were held at 190 °C for 10 min, then
cooled to 130 °C and held for 30 min, and then aged at 25 °C
for 1 day. The cooling rate from 130 to 25 °C was ~8 °C/min.
Measurements were then conducted on heating from —140 to
190 °C. Samples were always maintained under an N, blanket
during in situ thermal processing and measurement. The
samples with the above two thermal histories are denoted as
“unaged” and “aged”, respectively.

DRS Data Processing. The dc conduction losses prevalent
at low frequencies can mask the intrinsic relaxations of the
samples, especially at higher temperatures. To circumvent this
difficulty, we make use of an “ohmic conduction-free” dielectric
loss, €'geritt
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where €' is the real part of the dielectric permittivity and f is
the frequency. To perform the differentiation, we used a
numerical technique based on a low pass quadratic least-
squares filter.'® A series of model calculations were conducted
and €"qer and €' shown to exhibit the same peak frequencies,
provided the relaxations are relatively broad (as they are in
the present case), and the relaxation strength of the derivative
spectrum is a good approximation to that of ¢".16 We have also
previously demonstrated the reliability of this procedure on a
similar blend system.” The peak temperatures (Tmax) Of
relaxations at individual experimental frequencies were read
from contour plots of €'qr in @ map of temperature and
frequency.

2.2.2. Differential Scanning Calorimetry (DSC). All
DSC measurements were performed on a TA Instruments
Q-100 apparatus. The temperature and transition enthalpy
were calibrated using an indium standard. Sample weights
were ~10 mg.

To measure Ty, samples were first heated to 190 °C, held
for 10 min, and cooled to —140 °C at ~10 °C/min; then T4 was
acquired on heating at 10 °C/min. In other cases, samples were
directly cooled from room temperature to —140 °C at ~10 °C/
min and then heated at 10 °C/min; the thermograms from the
subsequent heating step are reported below.

2.2.3. Wide-Angle X-ray Diffraction (WAXD). WAXD
experiments were conducted on a Scintag instrument using
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Cu Ka radiation (A = 0.154 nm) at 35 kV and 30 mA. Samples
were scanned continuously at 1 or 2°/min using an increment
of 0.02°. A silicon zero-background substrate was used to
support the samples in all cases.

3. Results and Discussion

3.1. DRS. PMMA exhibits a segmental a relaxation
and a local g process, and the latter is much stronger
than the former in dielectric spectra of a- and syndio-
tactic PMMA .18 PEO exhibits at least three relaxations
below its melting point.1® For semicrystalline PEO, the
higher temperature relaxation is associated with the
crystalline phase. The fBpeo process originates from
cooperative motions of disordered interlamellar amor-
phous segments. The lower temperature ypgo relaxation
has been assigned to local twisting in the main chains.
In addition, we recently reported the observation of a
relaxation between the Speo and ypeo processes, which
we denoted as y'peo.® The available evidence suggested
that this process arises from the motion of PEO seg-
ments in the transition region between ordered crystal-
line lamellae and disordered interlamellar amorphous
segments. The unusual local character of the y'peo
process was rationalized by analogy to the fast process
or primitive segmental relaxation in nanoconfined glass-
forming systems.

Figure 1 displays the 3D DRS spectrum of an unaged
M90 blend. Visualizing the dielectric loss data in €"ger
form permits the cooperative segmental relaxation of
the blend, oy, to be clearly observed (although it is
mostly masked in the € spectrum?°), as well as the local
PMMA f and PEO y relaxations and a merged oy, +
Bpmma process (denoted as of; see also Figure 2).

Figure 3 displays the 3D DRS spectrum of an M80
blend aged 1 day at 25 °C (then measured at gradually
increasing temperatures). A relaxation (labeled ') ap-
pears between the PMMA  and PEO y relaxations and
also becomes evident in the spectra of the other blends
after aging (the frequency—temperature (f—T) locations
are plotted in Figure 4). There is also a hint of this
process in the spectra of unaged blends at nearly the
same f—T location as the aged mixtures, but overlap
with the high-frequency side of the PMMA [ process
(along with its low magnitude) makes it difficult to
resolve, and so f—T locations are not provided for
unaged blends in Figure 4. Note that Bpeo is not
observed in the blends, and data for this neat PEO
process are plotted in Figure 4 only to facilitate later
discussion. The proposed origin of the 5’ process will be
discussed below, after presentation of DSC and WAXD
results.

For all of the blends investigated here, the PEO y
relaxation is observed, and its f—T location remains
essentially invariant with blend composition but ap-
pears at somewhat higher frequencies than the y
process of neat PEO (see Figures 2 and 4). This suggests
weaker local constraints for the y relaxation in amor-
phous blends than in semicrystalline PEO. In Figure
5, the o, and o processes are observed to shift to lower
temperatures with increasing PEO content, as antici-
pated for a transition associated with a mixed noncrys-
talline phase. For unaged blends, the significant loss
at low frequencies (arising at least partially from
electrode polarization) obscures a significant portion of
the M85 a,, relaxation and completely masks the ay
process of the M80 blend (Figure 2). For aged blends,
the loss at low frequencies is so significant that the oy,
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Figure 1. 3D DRS spectrum of the unaged M90 blend: (a, top) relatively high temperatures; (b, bottom) lower temperatures.
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Figure 2. Peak frequency vs T for the DRS relaxations of
unaged blends compared with those of the neat components.
Symbols: (1) components (filled symbols): triangles, PMMA;
circles, semicrystalline PEO from ref 19. (2) Blends (unfilled
symbols): diamonds, M90; circles, M85; triangles, M80.

relaxation cannot be resolved even in the spectra of M85
(Figure 4).

3.2. DSC. In Figure 6 it is seen that blends with
>80% PMMA exhibit a single Ty, which moves to lower
temperatures with increasing PEO content, suggesting
miscibility. However, the thermogram of the M70 blend
exhibits what appears to be two Tgs, including a lower
Ty near —30 °C. Similar behavior has been reported

previously for PMMA/PEO blends having 25—50%
PEO.2! For all blends, the breadths of the Ty intervals
are much broader than that of neat PMMA, and upon
aging at room temperature an endotherm appears (close
to the melting temperature (T,) of PEO crystallites),
which shifts to higher temperatures with increasing
aging time (Figure 7). As demonstrated later, this
endotherm does not originate from PEO crystal melting,
but from physical aging at room temperature of the
glassy blends.

Multiple Tgs were not observed for either the M90 or
M80 blends up to an aging time of almost 6 months,
demonstrating that blends with PMMA composition >80
wt % are in the one-phase region of the phase diagram,
at least for polymers of the molecular weight used in
the present study. Therefore, it is not suitable to argue
that phase separation is the origin of the nanohetero-
geneities in this composition range, as detected previ-
ously by solid-state NMR experiments. The M70 blend,
however, appears to be in the two-phase region of its
blend phase diagram, consistent with the existence of
a UCST whose phase boundary passes through room
temperature at a composition between 20 and 30% PEO.

Considering that T4 has been proposed to correspond
to a relaxation time of 100 s,2 the DSC onset Ty is
reached by extrapolating the f—T locations of the DRS
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Figure 4. Peak frequency vs T~ for DRS relaxations of the
aged blends compared with those of the neat components.
NMR data from ref 36 have also been added to the plot for
comparison purposes. Symbols: (1) components (filled sym-
bols): triangles, PMMA,; circles, PEO, from ref 19. (2) Aged
blends (unfilled symbols): diamonds, M90; circles, M85;
triangles, M80. Solid lines are data for the PEO segmental
relaxation from ref 36. From top to bottom: neat PEO, PMMA/
PEO blend having 20% PEO. Dashed lines are only to guide
the eyes.
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Figure 5. Peak frequency vs T-! for the DRS a and of
processes and comparison of the a relaxation with the DSC
Tgy. Symbols: (1) DRS data: crosses, PMMA. Blends (unaged
samples = filled symbols; aged samples = unfilled symbols):
diamonds, M90; circles, M85. (2) DSC T, data, assuming that
Ty corresponds to a relaxation time of 100 s (at the bottom of
the plot, from left to right: PMMA, M90, M85): filled squares,
onset DSC Ty; unfilled squares, midpoint DSC Ty.

o process of neat PMMA (Figure 5), similar to our
previous observations for other neat polymers and
certain polymer blends.'”?® For the M90 and M85
blends, however, the temperature at which the dielectric
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Figure 6. DSC thermograms from about —60 to 160 °C. From
top to bottom: PMMA, M90, M85, M80, M70.

oy, relaxation time reaches 100 s is instead closer to the
DSC midpoint Tj.

3.3. WAXD. PMMA/PEO blends with high PEO
content exhibit two strong crystalline X-ray reflections
at the same 26 (~20° and ~24° for Cu Ka radiation) as
neat PEO.?* However, these reflections are absent in
the diffraction pattern of M80 blends aged for 1 and 11
days—only an amorphous halo is observed (Figure 8),
despite the existence of a DSC endotherm near T,(PEO)
for aged blends. Even for a phase-separated M70 blend
aged at room temperature for 6 months, the diffraction
pattern exhibits only an amorphous halo (Figure 8).

Since no cold crystallization occurs on heating above
room temperature, the observed endotherms clearly do
not originate from the melting of PEO crystallites.
However, this behavior is completely consistent with the
expectations of physical aging below the blend T,.
Physical aging of polymer glasses has been studied
widely,?® but aging of glassy polymer blends has been
investigated less frequently.?627 In an early investiga-
tion of a 50/50 wt % polystyrene—poly(vinyl methyl
ether) (PS/PVME) blend, aged at temperatures near the
blend onset Ty, evidence suggests that PVME ages
independently of PS and is responsible for essentially
all of the aging effects measured.?”

3.4. Origin of the ' Process. First, the possibility
that trace water is the origin of the ' process in blends
can be ruled out. No such relaxation of water was
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Figure 7. DSC thermograms illustrating the influence of
room temperature aging. The aging times at room temperature
for the blends, from top to bottom: (a, top) M90: 5.5 months,
2 days, 1 day, unaged; (b, bottom) M80: 5.7 months, 7 days, 2
days, 1 day, 9 h, unaged.

observed in the spectra of our neat PMMA, which was
subjected to the same high-temperature processing,
storage, and experimental conditions as the blend
samples. In addition, for PEO samples containing very
small to modest water contents, the water relaxation
closest to the ' process is observed at still lower
temperatures and higher frequencies.128

What occurs during the aging process that leads to
significant enhancement of the strength of the g’
relaxation? First, it is particularly intriguing to note
that the f—T locations of the ' relaxation are essentially
the same as those we observed previously for the
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relaxation of neat semicrystalline PEO we referred to
as y' (Figure 4). The latter process was assigned to a
segmental relaxation, exhibiting reduced cooperativity
and involving segments in the transition regions be-
tween the ordered crystal and disordered noncrystalline
segments.!® Clearly, such transition regions do not exist
per se in the aged blends, since no 3D crystallinity is
observed, as noted above. However, we propose that the
pB' process is associated with regions of PEO partial
order, formed to a very small extent during initial
sample preparation but to a greater degree during
physical aging. We also propose that this is connected
to recent models for the early stages of structure
development during polymer crystallization that have
invoked the formation of a partially ordered meso-
phase?® or “baby nuclei/smectic pearls”° as a precursor
to crystal formation.

A dielectric transition with similar characteristics has
been reported previously in amorphous blends of PMMA
and crystallizable poly(vinylidene fluoride) (PVDF).3!
The formation of PEO and PVDF partial order in their
blends with PMMA is not unexpected considering that
there are principally kinetic restrictions to either of
these polymers crystallizing from these blends.3? Fi-
nally, recall that the ' process of the blends (and the
y' process of neat PEO) occurs at temperatures below
that of the PEO cooperative segmental process. This has
many similarities to observations for thermotropic main-
chain liquid crystalline polymers, for which the seg-
mental relaxation in the liquid crystalline (mesomor-
phic) glassy state occurs at a lower temperature than
in the isotropic amorphous glass (see ref 33 and refer-
ences therein).

Further support for the formation of PEO partial
order on aging comes from several studies on amorphous
PEO/PMMA blends with relatively low PEO content. A
IH NMR investigation of blends of hydrogenated PEO
and deuterated PMMA demonstrated that, for blends
with PEO < 0.5 wt %, the maximum in the spin—Ilattice
relaxation rate was below the blend Ty, which suggested
that PEO chains dispersed in the rigid PMMA matrix
remain mobile even below the blend T4.3* Recently, it
was found that the diffusion of diethyl ether in a PEO/
PMMA blend containing 20% PEO is rapid at room
temperature, with diffusion constants more typical for
elastomers than for glasses.®® From the temperature
dependence of T1,(*3C) and T,(*3C) of PEO in PEO/
PMMA blends with 10—18% PEO, it was estimated that

Intensity

M80 aged 1day
M80 aged 11days

M70 aged 6.7-months

5 10 15

20 (degree)

Figure 8. WAXD results for selected aged blends.
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the PEO relaxation at 27 °C was only slightly in-
creased: from 1.7 x 10710 s for neat PEO to 4.2 x 10710
s.6 The above evidence supports the view that in
amorphous PMMA/PEO blends at least a portion of the
PEO segments retains sufficient mobility to permit
organization into regions of partial order at room
temperature.

Very recently, a 2H NMR study revealed that near
the blend Ty the segmental relaxation of PEO is 12
orders of magnitude faster than that of PMMA in
PMMA/PEO blends (M, (g/mol): 1.06 x 105/1.25 x 10°)
containing <30% PEO.%6 The dynamics of PEO seg-
ments are only somewhat slower in the blends than in
the neat state (by about 2 orders of magnitude at the
lowest temperatures investigated), and PEO segmental
relaxation times were found to be essentially the same
for blends with 10, 20, and 30 wt % PEO. The PEO
segmental relaxation frequencies from ref 36 for neat
PEO (semicrystalline) and an amorphous 20% PEO/
PMMA blend are plotted together with our data in
Figure 4. To a first-order approximation, these values
can be connected with the dielectric peak frequencies
of the merged § + y relaxation of neat crystalline PEO
and the ' process of the 20% PEO blend. This lends
further support to the assignment of the ' process as a
PEO segmental process.

4. Summary

Visualizing the dielectric loss data in €"ger form
permits the observation of the cooperative segmental
relaxation of amorphous PMMA/PEO blends, ay, which
are mostly masked in € spectra. DSC data demonstrate
that blends with =80% PMMA exhibit a single Tg, while
the M70 blend exhibits what appears to be two Tgs. For
all blends, the breadths of the T, intervals are much
broader than that of neat PMMA. Upon aging the blends
at room temperature, an endotherm appears close to the
PEO T, and shifts to higher temperatures with increas-
ing aging time. However, X-ray diffraction from PEO
crystallites is absent. These findings are readily ex-
plained by physical aging of the glassy blends at room
temperature.

A process denoted as 5’ was observed in the dielectric
spectra of the amorphous blends. We present evidence
from this and other studies that it is associated with
regions of PEO partial order, formed to a rather small
extent during initial sample preparation, but to a
greater degree during physical aging.
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